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Despite the prevalence of pain originating from the teeth (dental, or odontogenic, pain) 
and its impact on patients’ lives, the cellular and molecular mechanisms of odontogenic 
pain are still not completely understood. The teeth are unique structures, innervated by 
sensory neurons that originate in the trigeminal ganglia. Factors that increase the 
sensitivity of these neurons, such as inflammatory cytokines, may contribute to 
odontogenic pain associated with dental pulp inflammation. To address this, a calcium 
imaging-based mouse trigeminal ganglion (TG) neuron sensitisation assay was 
established as part of this project. Short-term exposure to tumour necrosis factor alpha 
(TNFα), but not to interleukin 1 beta (IL-1β), was found to sensitise the transient 
receptor potential (TRP) ion channels TRPA1 and TRPV1 on TG neurons. This assay 
provides the opportunity to test other molecules relevant to odontogenic pain for their 
ability to sensitise TG neurons. 
Previous research suggests that initiation of dentine hypersensitivity, a type of 
odontogenic pain evoked by thermal, osmotic, chemical, evaporative, or mechanical 
stimuli to the exposed dentine, might involve both neurons and odontoblasts, the 
specialised mineralising cells in the teeth. In this project, mouse odontoblast-like (OB) 
cells were used as a cellular model to study the sensory function of odontoblasts in vitro. 
OB cells were demonstrated to express functional TRPV4 ion channels, known to be 
involved in thermal, osmotic, and mechanosensation. TRPV4 activation was also found 
to stimulate ATP release from OB cells, highlighting a potential means for odontoblast 




In addition, this study was the first to demonstrate the odontoblast ability to detect 
biologically relevant acids. Both an acid-induced increase in OB cell intracellular 
calcium concentrations and subsequent ATP release were detected. These processes 
were found to be independent of TRPV4 activity. 
Finally, to address the ability of odontoblasts to transmit sensory information to 
adjacent neurons, a co-culture approach was used to directly study intercellular 
communication between mouse OB cells and TG neurons. Pharmacological activation 
of TRPV4 was chosen as an odontoblast-selective stimulus, based on the functional 
expression of TRPV4 ion channels in OB cells, but not in mouse TG neurons. Blocking 
purinergic signalling disrupted the interaction between stimulated OB cells and TG 
neurons, demonstrating the importance of ATP as a primary mediator. 
Taken together, the findings described in this thesis support the ability of odontoblasts 
to detect physiologically-relevant stimuli and respond with a release of ATP to 
modulate the activity of adjacent sensory neurons. Thus, this interaction may play an 
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1.1 Orofacial pain 
Pain localised to the face and oral cavity (orofacial pain) represents a major problem at 
an individual and public health level. Cross-sectional population-based studies in the 
United Kingdom estimated the prevalence of orofacial pain to be 26-30% over a one-
month period, with a significant associated negative impact on daily life (Macfarlane et 
al., 2002; Joury et al., 2018). 
Orofacial pain is caused by a broad range of acute and chronic conditions, such as 
temporomandibular disorders, burning mouth syndrome, dental pain, and trigeminal 
neuralgia. The overlap in the clinical presentation of many conditions with such 
different origins (Shephard et al., 2014) arises from a shared sensory system, where the 
trigeminal (5th cranial) nerve acts as the principal sensory nerve (Huff & Daly, 2018). 
The trigeminal system is separate from the spinal nociceptive system and has some 
unique characteristics, including distinct responses to injury (Hargreaves, 2011). Most 
importantly, from the patient’s perspective, pain from the head is generally perceived 
to be worse than from other regions in the body and is associated with more intense 
negative emotions, such as fear (Meier et al., 2014; Schmidt et al., 2015; Schmidt et al., 




The high prevalence and impact on the quality of patients’ lives, combined with a 
comparatively limited mechanistic knowledge, encouraged us to investigate the 
mechanisms underlying the most common type of orofacial pain – dental, or 
odontogenic, pain. Before focusing on research efforts to identify the mechanisms of 
odontogenic pain, the trigeminal sensory system and the structure and innervation of 
the teeth will be briefly discussed. 
1.2 Trigeminal sensory system 
A wide variety of tissues and structures in the orofacial region (e.g. facial skin, cornea, 
oral mucosa, tongue, dental pulp, temporomandibular joint, masticatory muscles) are 
innervated by the three major branches of the trigeminal nerve (ophthalmic, maxillary, 
and mandibular), illustrated in Figure 1.1 (Huff & Daly, 2018). Sensory information from 
these tissues is primarily carried by afferent fibres with cell bodies located in two 
trigeminal ganglia (TG), except for proprioceptive fibres, which have their cell bodies 
in the mesencephalic trigeminal nucleus within the brainstem (Lazarov, 2007). 
Primary TG neurons synapse with second-order (projection) neurons in the spinal 
trigeminal nucleus and adjacent spinal dorsal horns (C1-C2) or, in the case of non-
nociceptive mechanosensory information, mainly in the principal sensory nucleus of 
the trigeminal brainstem nuclear complex (Iwata et al., 2017). Based on the observations 
of distinct anatomical structures by Olszewski (1950), the spinal trigeminal nucleus is 
further subdivided into the subnuclei oralis, interporalis, and caudalis (see Figure 1.2). 
Most nociceptive orofacial inputs travel through the subnucleus caudalis, also called the 
medullary dorsal horn due to its structural and functional similarities with the spinal 
dorsal horn (Sessle, 2000). However, as argued by Bereiter and colleagues (2000), the 
distinct properties of the subnucleus caudalis, such as substantial interconnection with 
other areas within the trigeminal brainstem complex, means it should not be viewed 
simply as an extension of the spinal dorsal horn. Moreover, convergence of sensory 
inputs from different target areas onto the same projection neurons in the subnucleus 
caudalis is thought to underlie the pain referral and poor localisation often observed 




The axons of the trigeminal second-order neurons ascend via the trigeminothalamic 
tract to the thalamus and synapse with third-order neurons that relay the signal to the 
cerebral cortex. For pain perception to occur, sensory-discriminative information is 
integrated with affective-motivational and cognitive-evaluative elements in a process 
involving not just the somatosensory cortex but also other cortical and limbic systems 
(Melzack, 2001; Chichorro et al., 2017).  
 
Figure 1.1 Schematic representation of the trigeminal nerve and its dermatome 
distribution 
At trigeminal ganglia, the trigeminal nerve divides into three main peripheral branches: 
ophthalmic (V1), maxillary (V2), and mandibular (V3). Each branch innervates a non-
overlapping area of the head and face. Illustration adapted from Blausen Medical Gallery, CC 





Figure 1.2 Illustration of the trigeminal sensory pathways from the oral cavity 
Examples of three different sensory nerve fibre types are shown. Proprioceptive signals from 
the masticatory muscle spindles are carried by Aα-type afferent fibres to the brainstem via a 
minor peripheral branch of the trigeminal nerve. These fibres have their cell bodies in the 
mesencephalic nucleus and send projections to the trigeminal motor nucleus. In addition, some 
mesencephalic nucleus neurons innervate periodontal mechanoreceptors. Mechanoreceptive 
Aβ fibres and thermoreceptive and nociceptive Aδ/C-fibres that innervate the tongue and the 
lower teeth belong to the mandibular branch of the trigeminal nerve and have their cell bodies 
in the trigeminal ganglion. While mechanoreceptive fibres provide input to the second-order 
neurons in the main (principal) sensory nucleus, thermal/nociceptive fibres descend along the 
spinal trigeminal tract and synapse with secondary neurons primarily in the spinal trigeminal 
nucleus, especially subnucleus caudalis, of the trigeminal brainstem nuclear complex. The 
second-order neuronal axons cross to the opposite side and ascend to the thalamus either via 
the medial lemniscus or via the trigeminothalamic or spinothalamic tracts, as indicated. Third-
order neurons from the thalamus relay the signal to the cortical structures. The diagram was 




1.2.1 PRIMARY SENSORY TRIGEMINAL NEURONS AND PERIPHERAL SENSITISATION 
Trigeminal primary afferents terminate in orofacial tissues either as free nerve endings, 
detecting thermal and noxious stimuli, or as specialised mechanoreceptors. Moreover, 
peripheral nerve fibres have been historically classified based on their diameter, 
myelination, as well as conduction velocities, as summarised in Table 1.1. 
Table 1.1 Classification of sensory nerve fibres 
Morphological and functional characteristics of different classes of primary afferents. Adapted 
from (Nair, 1995; Julius & Basbaum, 2001; Haggard & de Boer, 2014). 
Table 1.1 represents the dogma that large, myelinated, and fast-conducting Aα and Aβ 
axons carry non-nociceptive information, whereas medium-diameter, thinly-
myelinated Aδ and small-diameter, unmyelinated C-fibres carry signals about thermal 
and noxious stimuli. In the case of nociceptors, Aδ and C fibres are known to convey 
acute and well-localised “first” pain, and slow and poorly localised “second” pain, 
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is not consistently related to the nerve fibre type, as there is evidence for the existence 
of Aα/β-fibre nociceptive neurons, as well as Aδ and C-fibre low-threshold 
mechanoreceptors (Lawson, 2002; Djouhri & Lawson, 2004). In addition to classification 
based on histological and electrophysiological properties, further heterogeneity of 
sensory nerve fibres arises from their cytochemical profile. For example, C-type 
nociceptors are often subdivided into peptidergic and non-peptidergic fibres. 
Peptidergic fibres produce neuropeptides calcitonin gene-related peptide (CGRP) and 
substance P and express TrkA neurotrophin receptor, rendering them responsive to 
nerve growth factor (NGF). On the other hand, non-peptidergic C-fibres tend to bind 
isolectin B4 (IB4), express purinergic ligand-gated P2X3 and G protein-coupled MrgprD 
receptors, and respond to GDNF due to the expression of GDNF receptor alpha-1 (GFRα-
1) and c-Ret (Basbaum et al., 2009). However, as with the attempts to link nerve fibre 
histology to a particular function, cytochemical properties also do not clearly define 
functional nerve subsets. Technical advancement enabled recent efforts to classify 
sensory neurons in an unbiased way, based on their transcriptome (Usoskin et al., 2014; 
Nguyen et al., 2017). Nonetheless, these classifications have not been widely adopted by 
the time of writing this thesis. Therefore, references will be made to the classical A and 
C types of sensory nerve fibres in subsequent sections, as the vast majority of relevant 
literature uses this terminology. 
Conversion of thermal, mechanical, and chemical stimuli into electrical signals in 
sensory neurons depends on the specialised membrane proteins present on the 
peripheral terminals of primary afferents. The transient receptor potential (TRP) family 
represents a major group of such sensory transducers. The first to be identified and the 
most extensively studied so far is TRPV1 – a polymodal receptor activated by noxious 
temperatures above 43°C, low pH, and capsaicin, the pungent compound in chilli 
peppers (Caterina et al., 1997). While initially described as another heat-sensitive 
(>52°C) ion channel, TRPV2 is unlikely to play a role in thermodetection, based on the 
normal thermosensory phenotype of TRPV2 knock-out mice (Park et al., 2011). Instead, 
TRPV2 might be involved in sensing osmotic stimuli (Muraki et al., 2003). Another 
example is TRPV4, which displays sensitivity to innocuous warmth as well as playing a 
role in osmotic/mechanotransduction (Strotmann et al., 2000; Guler et al., 2002; 




mechanical stimuli and is activated by a range of natural compounds, such as allyl 
isothiocyanate in mustard, allicin in garlic, and cinnamaldehyde in cinnamon oil 
(Bandell et al., 2004; Macpherson et al., 2005; Vilceanu & Stucky, 2010). However, 
TRPM8 was identified as the main detector of low (<25°C) temperatures and is also 
activated by menthol (Bautista et al., 2007).  
In addition to some of the TRPs, other channels have been proposed as potential 
mechanotransducers, including acid-sensing ion channels (ASICs), primarily known for 
their ability to detect extracellular acidification, two-pore domain potassium channels 
(K2P), such as TREK-1, TREK-2 and TRAAK, and Piezo channels (Ranade et al., 2015). In 
fact, Piezo2 was recently identified as the principal mechanotransducer protein in 
mammalian proprioceptors and low-threshold mechanoreceptors (Ranade et al., 2014; 
Woo et al., 2015). However, the receptor(s) involved in the transduction of noxious 
mechanical stimuli have not been conclusively identified. 
Activation of sensory transducers, such as TRPs and ASICs, leads to cation (Na+, Ca2+, 
and/or Mg2+, depending on the channel type) influx, depolarisation of sensory 
peripheral terminals, and generation of action potentials, which then propagate along 
the axons. Critical for the initiation and propagation of action potentials are voltage-
gated sodium (Nav) and potassium channels. Sensory information encoded as an action 
potential discharge pattern (e.g. frequency, duration) is then sent for central processing 
via the release of neurotransmitters, such as the excitatory amino acid glutamate, and 
the neuropeptides CGRP and substance P, from the central terminals of primary 
afferents (Basbaum et al., 2009).  
Tissue injury and inflammation can lead to peripheral sensitisation, i.e. enhanced 
excitability of primary sensory neurons, by affecting the local microenvironment of 
their peripheral endings. The mediators of this process are produced by local non-
neuronal cells, infiltrating immune cells, or neurons, and include a broad range of 
molecules, such as bradykinin, histamine, various pro-inflammatory cytokines and 
chemokines, prostaglandins, neurotrophins, neuropeptides, lipids, proteases, ATP, and 
extracellular protons (Hucho & Levine, 2007). By acting on their respective receptors on 
the peripheral terminals of primary sensory neurons, these mediators can activate a 




post-translational modifications, stability, and surface presentation affect the number 
of available ion channels or their activity (Bhave & Gereau, 2004). Sensitisation of 
nociceptors can ultimately lead to 1) action potential discharge in response to a 
normally innocuous stimulus to their receptive field, which can manifest as lowered 
pain threshold (allodynia), 2) hyperresponsiveness, e.g. increased rate of action 
potential firing to a suprathreshold stimulus, manifesting as hyperalgesia, or 3) 
spontaneous action potential discharge leading to spontaneous pain, although central 
mechanisms have also been implicated in these pain states (Schaible et al., 2011). 
1.2.2 SECOND-ORDER SENSORY NEURONS AND CENTRAL MODULATION OF PAIN 
Based on their response properties, second-order neurons in both trigeminal and spinal 
sensory systems are classified into three main types: low-threshold mechanoreceptive 
(LTM), nociceptive-specific (NS), and wide dynamic range (WDR) neurons. The LTM 
projection neurons receive tactile and proprioceptive information from non-nociceptive 
(mainly Aα and Aβ) primary afferents. On the other hand, both NS and WDR second-
order neurons are activated by nociceptive inputs, mostly from Aδ and C-fibre primary 
afferents. However, unlike NS, WDR second-order neurons can also receive synaptic 
inputs from Aβ and Aδ fibres activated by non-noxious stimulation in their receptive 
fields (Chichorro et al., 2017).  
The activity of NS and WDR projection neurons is key in the processing of peripheral 
nociceptive signals and is subject to complex excitatory and inhibitory modulation by 
primary afferent neurons, local interneurons, glia, and descending neurons. Enhanced 
responsiveness of nociceptive second-order trigeminal neurons (and other nociceptive 
neurons in the central nervous system) to their normal or subthreshold afferent input 
is known as central sensitisation, as defined by the International Association for the 
Study of Pain (Loeser & Treede, 2008). Some of the main mechanisms of central 
sensitisation include an increase in excitatory inputs, loss of inhibitory connections 
(disinhibition), or interaction between neuronal and glial cells (Iwata et al., 2017). 
Second-order neurons express receptors, such as AMPA and NMDA, that enable the 
detection of neurotransmitters (in this case, glutamate), released from the central 
terminals of primary sensory neurons. Only AMPA glutamate receptors can be activated 




enhanced nociceptor activity and, consequently, depolarisation of post-synaptic 
neurons (Basbaum et al., 2009). Sufficient depolarisation dislodges magnesium ions that 
block NMDA channels at resting membrane potentials, enabling ion, including Ca2+, 
flow into the post-synaptic neurons, which can ultimately lead to central sensitisation 
(Vanegas & Schaible, 2007). The second mechanism, disinhibition, can arise from the 
loss of inhibitory (GABAergic or glycinergic) interneurons. Finally, glial cells contribute 
to central sensitisation by switching to an “activated” state in response to peripheral or 
central injury or inflammation, resulting in the release of various mediators, capable of 
modulating the activity of second-order neurons (Chiang et al., 2011). 
Although central processing is crucial for the perception of pain, this thesis will focus 
on the peripheral mechanisms that underlie the development of odontogenic pain. 
1.3 Structure and innervation of the teeth 
The main anatomic parts of the tooth are a crown (visible portion that projects into the 
mouth) and a root (the part of the tooth that is embedded in the jaw bone; Figure 1.3). 
Enamel is a highly mineralised substance forming the outermost layer of the crown, 
whereas cementum is an analogous but less calcified layer covering the root (Zhang et 
al., 2014). Underlying these structures is a layer of dentine, which encapsulates the soft 
dental pulp tissue and forms the bulk of the tooth.  
Dentine is a mineralised connective tissue with approximately 70% inorganic, 20% 
organic, and 10% water content by weight (Goldberg et al., 2011). The inorganic phase 
of dentine consists of calcium phosphate biomineral hydroxyapatite [Ca10(PO4)6(OH)2] 
with multiple substitutions (e.g. carbonate or fluoride) in its crystalline structure 
(Featherstone & Lussi, 2006). The organic matrix of dentine primarily contains collagen 
(90%), particularly type I, and a range of non-collagenous proteins (10%). These include 
typical bone matrix proteins (e.g. osteocalcin) as well as members of a small integrin-
binding ligand, N-linked glycoprotein (SIBLING) family, such as bone sialoprotein 2 
(BSP2), dentine matrix protein 1 (DMP1), osteopontin (OPN), and dentine 
sialophosphoprotein (DSPP) (Goldberg et al., 2011). The latter gets cleaved post-
translationally into dentine sialoprotein (DSP) and dentine phosphoprotein (DPP) 




DSPP were also later detected in other tissues like bone (D'Souza et al., 1997; Fen et al., 
2002; Qin et al., 2002; Feng et al., 2003).  
 
Figure 1.3 Tooth anatomy 
Schematic diagram of a tooth cross-section, illustrating the major anatomic parts and layers of 
the tooth and the variation in dentinal tubule morphology. Dentinal tubule density and diameter 
increase from the dentine-enamel junction (A) to the dentine-pulp border (B) and from the 
dentine-cementum junction (C) to the root canal wall (D), with higher density and diameter in 
the crown, compared with the root. Adapted from Blausen Medical Gallery, CC BY 3.0 (Blausen, 
2014) and (Marshall et al., 1998). 
An important structural feature of dentine is the presence of millions of microscopic 
channels, known as dentinal tubules, that connect the pulp with the outer enamel and 
cementum layers. Multiple studies have demonstrated the variability in tubule density 
and diameter throughout the tooth. As illustrated in Figure 1.3, the highest density and 
diameter of dentinal tubules is in deep dentine (closest to the pulp chamber) in the 
crown of the tooth (Forssell-Ahlberg et al., 1975; Schilke et al., 2000). The number and 
diameter of open dentinal tubules in human teeth tends to decrease with age 




In a healthy tooth, dentinal tubules are filled with dentinal fluid that is similar in ionic 
composition to interstitial fluid (Coffey et al., 1970), although others reported higher 
potassium and lower sodium and calcium ion concentrations compared with serum 
(Larsson et al. (1988), as cited by Magloire et al. (2010)). Moreover, each dentinal tubule 
contains an extension of an odontoblast cell (odontoblast process). Odontoblasts are the 
cells that secrete the unmineralised organic matrix, known as pre-dentine, as well as 
producing the mineralised dentine throughout the life of the tooth (Goldberg et al., 
2011). While some research groups found that odontoblast processes do not extend 
beyond the inner dentine (Tsuchiya et al., 2002), recently Li and colleagues (2018) clearly 
visualised odontoblast processes spanning the whole length of dentinal tubules, 
containing multiple small branches, and depositing minerals along the entire process. 
Odontoblast morphology and function will be discussed in more detail in section 1.3.1. 
The cell bodies of odontoblasts are located at the junction between the dentine and the 
dental pulp, which due to developmental and functional links are sometimes referred to 
as the dentine-pulp complex (Pashley, 1996). The pulp itself is a soft connective tissue, 
containing a heterogeneous population of cells, with fibroblasts being the most 
abundant cell type (Goldberg & Smith, 2004). The pulp provides nutrition and immune 
defence to the tooth (About, 2014; Goldberg, 2014). Moreover, the low-compliance 
environment combined with an extensive vasculature and dense sensory innervation 
(discussed in section 1.3.2), led to the status of dental pulp as a unique sensory organ 
(Yu & Abbott, 2007). 
1.3.1 ODONTOBLASTS 
Odontoblasts located at the dentine-pulp junction are mature cells, differentiated from 
cranial neural crest-derived mesenchymal cells (Chai et al., 2000). Terminal 
differentiation of odontoblasts involves the cessation of mitosis, cellular elongation, and 
cytological polarisation, with the nucleus located in the proximal part of the cell body, 
away from the odontoblast process (see Figure 1.4) (Ruch et al., 1995). The appearance 
of the mature odontoblast layer differs between the tooth crown, where the cell bodies 
are tall, columnar, and tightly packed, and the root, where they appear cuboidal or 
globular and more disjoined (Marion et al., 1991). In addition, the cell bodies of 




connexin 43 channels, as well as tight and desmosome-like junctions, with proposed 
roles in intercellular communication, regulation of molecule and ion transport, and 
cellular adhesion (Turner et al., 1989; Ushiyama, 1989; Arana-Chavez & Katchburian, 
1997; Murakami et al., 2001; About et al., 2002; Ikeda & Suda, 2013).  
Upon differentiation, odontoblasts become functional, i.e. able to synthesise and secrete 
collagen and various non-collagenous extracellular matrix components found in pre-
dentine and dentine, as mentioned earlier (Goldberg et al., 2011; Kawashima & Okiji, 
2016). In line with their mineralising function, they also exhibit high activity of 
enzymes, such as tissue non-specific alkaline phosphatase (ALP), required for the 
deposition of hydroxyapatite in dentine matrix (Larmas & Thesleff, 1980; Hotton et al., 
1999; Orimo, 2010). In addition to the formation of primary dentine during tooth 
development and secretion of secondary dentine throughout the life of the tooth, under 
pathological conditions odontoblasts also produce tertiary dentine, which can be either 
reactionary or reparative (Smith et al., 1995). Reactionary dentine is secreted by the 
same pre-existing odontoblasts in response to mild noxious stimuli. On the other hand, 
reparative dentine production is initiated when the damage is severe enough to 
compromise the viability of mature odontoblasts. In that case, reparative dentine is 
secreted by new odontoblast-like cells, potentially differentiated from progenitors, 





Figure 1.4 Schematic representation of the odontoblast cell layer 
Odontoblasts form a continuous layer at the junction between the dentine and the pulp, with 
their processes extending throughout the diameter of pre-dentine and dentine. Odontoblast 
primary cilia tend to point towards the pulp. A dense network of sensory nerve fibres is located 
subjacent to the odontoblast cell layer, with free nerve endings extending into pre-dentine and 
the inner part of dentine in some dentinal tubules. Intradental postganglionic sympathetic nerve 
fibres primarily innervate the blood vessels. Dendritic cells are present near or within the 
odontoblast layer and redistribute in response to injury/inflammation. The diagram is adapted 





While the apical odontoblast process is an important membrane structure for both 
dentinogenesis and detection of pathogens, an antenna-like primary cilium (see Figure 
1.4) is also present near the odontoblast cell nucleus, mainly oriented towards the tooth 
pulp (Thivichon-Prince et al., 2009; Hisamoto et al., 2016). The primary cilium is an 
organelle ubiquitously present in mammalian cells (Wheatley et al., 1996).  
In the case of a carious lesion, odontoblasts are positioned as the first cells to encounter 
invading oral bacteria and their products. In fact, odontoblasts have been proposed to 
play a role in innate immunity, as they express multiple pattern recognition receptors 
(PRRs), such as Toll-like receptors 2 and 4 (TLR2 and TLR4), enabling the detection of 
pathogen-associated molecular patterns (PAMPs) (Durand et al., 2006; Veerayutthwilai 
et al., 2007). Activators of these receptors were demonstrated to modulate the gene 
expression and/or production of pro-inflammatory mediators and antimicrobial 
molecules by odontoblasts (Durand et al., 2006; Jiang et al., 2006; Veerayutthwilai et al., 
2007; Staquet et al., 2008; Horst et al., 2011; Farges et al., 2015).  
Furthermore, mediators released in response to odontoblast stimulation with 
lipoteichoic acid (LTA), a cell wall component of Gram-positive bacteria and known 
TLR2 activator, induced the recruitment of immature dendritic cells (Durand et al., 
2006). This is relevant, as dendritic cells were detected in the sub-odontoblastic layer or 
dispersed among the odontoblasts in intact human teeth. They also congregate in areas 
of inflammation or underneath new deep cavities, with some dendritic processes 
observed in the dentinal tubules (Yoshiba et al., 2003). Enhanced pro-inflammatory 
cytokine, chemokine, and growth factor expression in the odontoblast layer was also 
observed in decayed teeth, when compared with healthy teeth (Veerayutthwilai et al., 
2007; Horst et al., 2011). Moreover, pro-inflammatory cytokines, such as tumour 
necrosis factor alpha (TNFα) and interleukin 1 beta (IL-1β), were also detected in the 
dentinal fluid, although no significant difference was observed between sound and 
carious teeth (Geraldeli et al., 2012). 
The fact that multiple genetic ciliopathies, such as oral-facial-digital syndrome and 
cranioectodermal dysplasia, have a dental phenotype recently brought attention to the 
role of cilia in tooth development (Hampl et al., 2017). Moreover, the primary cilium 




2013), which led to suggestions that it might be involved in sensing changes in the tooth 
microenvironment by odontoblasts (Magloire et al., 2004; Magloire et al., 2010). The 
molecular basis of odontoblast sensory function will be explored in Chapter 3. 
1.3.2 DENTAL PRIMARY AFFERENTS 
The teeth are densely innervated, with average reported values of 2300 axons at the 
apex of human pre-molars (Nair, 1995). However, the density of nerve fibres seems to 
vary depending on the tooth type, its health status and the location of measurement 
within the tooth (Johnsen & Johns, 1978; Rodd & Boissonade, 2001).  
Primary afferents generally enter the teeth via the apical foramina and display extensive 
branching in the sub-odontoblastic region, forming a network called the plexus of 
Raschkow. Some nerve endings originating from the plexus also extend into dentinal 
tubules, reaching pre-dentine or the inner part of dentine (Byers et al., 1982; Byers, 
1985). The highest density of intradentinal fibres, in up to a half of all tubules, was 
detected near the roof of the pulp chamber, whereas less than 1% of tubules contained 
nerve fibres in the root (Fearnhead, 1957; Gunji, 1982; Byers & Dong, 1983). 
Overall, the axons in human dental pulps were found to be primarily unmyelinated C-
fibres (70-90%) as well as myelinated Aβ and Aδ fibres, with the majority (>90%) of 
myelinated axons being Aδ (Johnsen & Johns, 1978; Nair et al., 1992; Nair & Schroeder, 
1995). The receptive fields for myelinated A-fibres were also demonstrated to be near 
the pulp-dentine junction, whereas those for C-fibres are located deeper within the pulp 
(Jyvasjarvi & Kniffki, 1987; Närhi et al., 1994). It should be noted that a small proportion 
of unmyelinated axons in dental pulps are postganglionic sympathetic efferent fibres 
from superior cervical ganglion that primarily innervate blood vessels (Uddman et al., 
1984; Fried et al., 1988), whereas the presence of parasympathetic tooth innervation is 
disputed (Sasano et al., 1995; Byers & Narhi, 1999). Nonetheless, the following discussion 
will focus on sensory primary afferent fibres. 
Despite the heterogeneity of dental pulp afferents, multiple studies in humans have 
demonstrated that activation of dental pulp afferents by application of different types 




Olgart, 1977; Ahlquist et al., 1984). Induced pain is either instant and sharp, in line with 
Aδ fibre activation, or dull, throbbing, and poorly localised, associated with C-fibre 
activation by high intensity stimuli (Mengel et al., 1993; Hildebrand et al., 1995). 
However, other studies have also reported a “pre-pain” sensation induced by electrical 
tooth stimulation (McGrath et al., 1983; Brown et al., 1985; Virtanen et al., 1987). In 
addition, a magnetoencephalography study demonstrated a response in human primary 
somatosensory cortex following a non-painful electrical stimulation of a pre-molar 
dental pulp, with latencies corresponding to fast conduction by Aβ fibres (Kubo et al., 
2008). There is also evidence in the literature for the presence of intradental 
mechanoreceptors, thought to be involved in the detection of vibration and food 
hardness (Dong et al., 1985; Dong et al., 1993; Paphangkorakit & Osborn, 1998; 
Robertson et al., 2003) and potentially responsible for jaw reflex activity observed in 
response to non-painful electrical stimulation (Matthews et al., 1976; McGrath et al., 
1981; Boissonade & Matthews, 1993; Cadden et al., 2013). Mechanosensory function of 
dental primary afferents is still controversial, as it is often attributed to periodontal 
ligament mechanoreceptors (Trulsson, 2006). Interestingly, recent studies comparing 
vital and root canal-treated teeth reported significant differences in maximal bite force 
(Awawdeh et al., 2017), but not in tactile sensitivity of the teeth (Schneider et al., 2014), 
continuing the debate regarding the presence of intradental mechanoreceptors. 
The possibility that dental primary afferents are not all typical nociceptors is supported 
by experimental animal studies, showing that parent axons of dental pulp afferents are 
often large in diameter, myelinated, and display fast conduction velocities (Lisney, 1978; 
Cadden et al., 1983; Johansson et al., 1992; Paik et al., 2009). Furthermore, 
immunolabelling studies demonstrated prominent expression of myelinated fibre 
markers (e.g. neurofilament 200 (NF200) and parvalbumin) by unmyelinated dental pulp 
afferents (Ichikawa et al., 1995; Paik et al., 2010; Fried et al., 2011; Henry et al., 2012). 
Overall, this suggests the loss of myelination and extensive branching by parent axons 
upon entering the teeth. A similar phenomenon is also observed in afferent terminals 
in other tissues, such as the skin (Peng et al., 1999).  
Retrograde labelling in rodents has widely been used to further study the properties of 




research groups reported that only 5-20% of labelled TG neurons were small in diameter 
(Sugimoto & Takemura, 1993; Kvinnsland et al., 2004; Paik et al., 2009; Kovacic et al., 
2013), with the majority being IB4-negative (Fried et al., 1989; Kvinnsland et al., 2004; 
Gibbs et al., 2011; Kovacic et al., 2013). However, others reported smaller average 
diameters and more prevalent IB4 binding (Park et al., 2006; Kim et al., 2011). Chung 
and colleagues (2012) provided further evidence that non-peptidergic sensory neuron 
population represented only 2.5% of TG neurons innervating dental pulps by 
performing retrograde labelling in mice expressing green fluorescent protein (GFP) 
under the control of Mrgprd promoter. Such a sparse non-peptidergic innervation is 
common in deep tissues, such as the knee joint, as opposed to superficial tissues like the 
skin (Fried & Gibbs, 2014). However, despite very low IB4 binding and Mrgprd 
expression, dental pulp afferent neurons were found to express P2X3, although the 
reported percentages range widely from 8 to over 60% (Cook et al., 1997; Yang et al., 
2006; Kim et al., 2011).  
With regard to the peptidergic nociceptor population innervating dental pulps, about 
33-87% of labelled neurons were found to express CGRP (Fried et al., 1989; Pan et al., 
2003; Yang et al., 2006; Won et al., 2017), but less than 2% were positive for substance P 
(Fried et al., 1989). A similar trend was observed in a cat dental pulp immunolabelling 
study, where CGRP was found to be 3-4 times more abundant than substance P 
(Heyeraas et al., 1993). Moreover, a large proportion (78-86%) of dental primary afferent 
neurons express the NGF receptor TrkA (Yang et al., 2006; Kovacic et al., 2013) and the 
GDNF receptor GFRα-1 (72%), whereas 65% express both (Yang et al., 2006). In addition, 
about 30% express GDNF itself (Kvinnsland et al., 2004). While the above values were 
obtained from rat molar pulp primary afferent neurons, a much lower TrkA (about 10%) 
and CGRP (5%) expressing TG neuron population was detected in mouse incisor pulp 
afferent neurons (Mosconi et al., 2001), supporting differential innervation in 
continuously growing incisor teeth (Paik et al., 2009) and/or representing species 
differences. Collectively, these studies demonstrated that dental pulp afferent neurons 
do not follow the typical patterns of peptidergic and non-peptidergic nociceptor marker 




To explain such an overall unusual profile of dental pulp afferent neurons, Fried et al. 
(2011) proposed an idea that some pulpal afferents are low-threshold “algoneurons” that 
get activated by weak stimuli, in a similar way to typical low-threshold 
mechanoreceptors, but they connect to central pain-mediating pathways to evoke the 
sensation of pain. Indeed, anterograde tracing studies have demonstrated that dental 
pulp afferents terminate in the subnucleus caudalis, although connections to subnuclei 
interpolaris and oralis, as well as the main sensory nucleus, have also been detected 
(Arvidsson & Gobel, 1981; Marfurt & Turner, 1984; Takemura et al., 1993; Sugimoto et 
al., 1997). 
To sum up, rather than representing a typical nociceptive neuronal population that 
produces exclusively painful sensations, dental pulp innervation demonstrates a unique 
sensory profile that requires further research. Specific neurochemical properties of 
dental pulp afferent neurons will be further discussed in section 1.4 and Chapter 5. 
1.3.3 RELATIONSHIP BETWEEN ODONTOBLASTS AND DENTAL PRIMARY AFFERENT 
NEURONS 
Given the importance of dentition in vertebrate feeding and, ultimately, survival, it is 
perhaps not surprising that dental pulps are densely innervated to ensure rapid 
detection of tissue damage (Fried & Gibbs, 2014). This would suggest that evolution of 
mineralised structures preceded the adaptation of associated sensory units (Hildebrand 
et al., 1995). However, an intriguing alternative evolutionary hypothesis suggests the 
presence of a precursor sensory organ that acquired a biomineral shield for enhanced 
sensitivity and protection, before providing a masticatory function (Gans & Northcutt, 
1983; Farahani et al., 2011). 
While both mature odontoblasts and dental primary afferent neurons are terminally 
differentiated cells with very distinct phenotypes, they share a cranial neural crest 
origin (Miletich & Sharpe, 2004). Furthermore, tooth maturation and innervation are 
closely associated during development (Luukko et al., 2008). A developmental link 
between the two types of cells is also reflected in the expression of neural progenitor 
cell and neuronal markers, such as nestin, galanin, microtubule-associated proteins 1b 




Miyazaki et al., 2015). However, the implications of this to odontoblast function are still 
not fully understood. 
In mature teeth, odontoblasts are positioned in a dense network of axons. While no 
synaptic connections or junctional structures between the odontoblasts and adjacent 
axons have been identified, a particularly close contact was observed between 
odontoblast processes and nerve fibres within dentinal tubules, with shortest reported 
distances of 15-30 nm (Shiromoto, 1984; Ibuki et al., 1996). Moreover, there are some 
reports in the literature of intercellular adhesion (Frank, 1968; Byers et al., 1982; Allard 
et al., 2006), odontoblast membrane densification in the vicinity of nerve fibres (Carda 
& Peydro, 2006), and formation of beaded nerve varicosities near odontoblasts 
(Shiromoto, 1984). The last observation was also confirmed in odontoblast-like cell and 
TG neuron co-cultures in vitro (Maurin et al., 2004). Interestingly, nerve varicosities in 
dentinal tubules were also recently demonstrated to contain the protein machinery 
necessary for exocytosis (Honma et al., 2017). In addition, a close contact between pulpal 
nerves and odontoblast primary cilia has also been demonstrated (Thivichon-Prince et 
al., 2009), further supporting the possibility of odontoblast and pulpal afferent 
interaction.  
Odontoblasts and neurons seem to mutually depend on such a close contact. For 
example, dentinal innervation demonstrates plasticity and is only detected in tubules 
that contain viable odontoblasts (Byers & Dong, 1983; Byers et al., 1988). Therefore, it 
was proposed that odontoblasts are involved in dental axonal guidance (Magloire et al., 
2010). Indeed, expression of several glycoproteins, known to regulate neuronal 
migration, axonal guidance, adhesion, and plasticity, such as reelin, laminins, 
semaphorins, and teneurins, has already been demonstrated (Lesot et al., 1981; Fried et 
al., 1992; Maurin et al., 2004; Yuasa et al., 2004; Maurin et al., 2005; Torres-da-Silva et al., 
2017). In addition, there is some evidence that nerve fibres regulate mature odontoblast 
function, as decreased sensory innervation significantly reduces dentine formation 
(Jacobsen & Heyeraas, 1996). 
In summary, research suggests evolutionary, developmental, anatomical, and 
physiological relationship between odontoblasts and neurons in the teeth. It should be 




due to their location within the dentinal tubules limit attempts to functionally 
characterise them. A brief overview of the cellular models and methods used to study 
their individual properties and interactions will be provided in subsequent chapters. 
Paracrine signalling as a means of intercellular communication between odontoblasts 
and neurons will be also discussed. 
1.4 Odontogenic pain 
Dental pain can cause extreme discomfort and is one of the main reasons why people 
seek dental care. According to the 2009 Adult Dental Health Survey (Steele et al., 2011), 
as many as 29% of adults in the United Kingdom reported experiencing dental pain in 
the preceding 12 months. Similarly, around 26% of dentate adults in the United States 
reported toothache or sensitive teeth within a 6-month period, as found in the National 
Health Interview Survey, 2008 (Bloom et al., 2012). Despite the prevalence of dental 
pain, the exact mechanisms involved in its development are still not fully understood. 
Odontogenic pain of pulpal and dentinal origin will be the focus of the following 
discussion. 
1.4.1 PULPITIS PAIN 
Since pain associated with pulpitis is often dull, throbbing, and poorly localised, it has 
typically been attributed to the activation of C-fibres (Narhi et al. (1992), as cited in 
Magloire et al. (2010)). At different stages of the disease, clinical features of pulpitis can 
include thermal hyperalgesia, spontaneous pain, and thermal allodynia (Rechenberg et 
al., 2016), indicating neuronal sensitisation in the trigeminal nociceptive system. Some 
of the main contributing factors include the presence of bacterial plaque on the surface 
of the tooth, elements of the host immune response to bacteria, and increased 
intrapulpal pressure in a low-compliance chamber.  
1.4.1.1 Bacterial contribution to dental pain 
Bacteria have been experimentally demonstrated to be the cause of most pulpal diseases, 
as germ-free rats with exposed dental pulps do not develop inflammation and 




biofilm containing bacterial cells that may cause tooth decay (dental caries) due to local 
acid and proteolytic enzyme generation (Simon-Soro et al., 2013). Even when the 
integrity of enamel or cementum layers is compromised, vital teeth with healthy dental 
pulps contain defence mechanisms, such as the outward flow of dentinal fluid, to oppose 
the diffusion of toxins and bacterial invasion of dentinal tubules (Nagaoka et al., 1995; 
Love & Jenkinson, 2002).  
In the case of extensive destruction of the mineralised layers of the tooth, bacteria may 
reach the pulp chamber and activate the host innate immune response, causing 
inflammation and extensive damage to the tissue (Hahn & Liewehr, 2007). However, 
due to the ability to release diffusible toxic products, bacteria in the carious lesion do 
not necessarily have to reach the pulp to cause inflammation and pain (Bergenholtz, 
1977). In pulpitis, painful symptoms in carious teeth are associated with higher 
concentrations of endotoxin (a Gram-negative bacterial wall component 
lipopolysaccharide (LPS)) than asymptomatic cases (Khabbaz et al., 2000; Jacinto et al., 
2005).  
1.4.1.2 Inflammation-induced molecular changes in the dental pulp 
Some well-established inflammatory mediators, including the cytokines TNFα and IL-
1ß, are upregulated in inflamed human dental pulps, particularly in the case of 
irreversible pulpitis (Pezelj-Ribaric et al., 2002; Kokkas et al., 2007; Silva et al., 2009). 
These results are supported by recent work by Galicia and colleagues (2016), who 
performed a genome-wide microarray analysis of healthy and irreversibly inflamed 
human dental pulp tissues. They also detected increased TLR2 and TLR4 expression in 
pulpitis, as well as a positive correlation between TNFα and IL-1ß expression and the 
severity of pulpitis pain. The expression of the neuropeptide substance P was similarly 
found to be increased in human dental pulps in the presence of tooth decay or 
irreversible pulpitis (Awawdeh et al., 2002; Bowles et al., 2003), with significantly higher 
levels in painful compared with asymptomatic cases (Rodd & Boissonade, 2000). The 
inflammation-dependent increase was also detected in substance P receptor NK1 levels 
(Caviedes-Bucheli et al., 2007). The levels of other neuropeptides, such as CGRP and 
neurokinin A, were also found to be elevated in inflamed dental pulps (Awawdeh et al., 




Moreover, inflammatory mediators, such as bradykinin and PGE2 (Nakanishi et al., 1995; 
Lepinski et al., 2000), and growth factors, including brain-derived neurotrophic factor 
(BDNF), vascular endothelial growth factor (VEGF), and NGF (Byers et al., 1992; 
Wheeler et al., 1998; Artese et al., 2002) are increased in inflamed or injured dental pulps. 
1.4.1.3 Structural and functional neuronal changes 
Consistent with the changes in growth factors in the tooth pulp, the nerve fibres 
innervating it demonstrate plasticity in response to injury and inflammation (Byers et 
al., 2003). For example, the sprouting of terminal branches of CGRP-immunoreactive 
nerve fibres occurred following experimental dentine injury (Taylor et al., 1988). 
Denervation experiments later demonstrated the importance of this phenomenon in 
maintaining the viability of the pulp (Byers and Taylor (1993) as cited in Fried and Gibbs 
(2014)).  
Several receptors and ion channels expressed by dental primary afferent neurons have 
been proposed as integrators of both bacterial and host-derived signals that may 
modulate neuronal activity and, consequently, contribute to dental pain. The most 
extensively studied is heat-sensitive TRPV1, which was found to be increased in pulpal 
nerve fibres from carious dental pulps (Morgan et al. (2005), as cited in Fried and Gibbs 
(2014)). However, the proportion of retrogradely traced dental primary afferent neurons 
reported to be immunoreactive for TRPV1, or activated by its agonist capsaicin, ranges 
widely from 8% to over 70% (Park et al., 2006; Gibbs et al., 2011; Kim et al., 2011). The 
application of LPS to the dentinal surfaces of mice caused an increase in TRPV1 mRNA 
and protein levels in the TG in mice (Chung et al., 2011). In relation to TRPV1 function, 
LPS has been reported to indirectly sensitise its activity via TLR4 activation (Diogenes 
et al., 2011), whereas substance P sensitises TRPV1 via its receptor NK1 (Zhang et al., 
2007). 
The involvement of cold/mechanosensitive TRPA1 channel in pulpitis pain has also 
been considered, as TRPA1 was detected on retrogradely labelled dental primary 
afferent neurons (Park et al., 2006; Hermanstyne et al., 2008; Kim et al., 2011) and was 




to experimental tooth injury (Haas et al., 2011). Moreover, LPS was found to directly 
activate neuronal TRPA1 (Meseguer et al., 2014), which could contribute to pulpitis pain. 
Furthermore, purinergic P2X3 receptor immunoreactivity was also detected on the 
nerve fibres in human dental pulps (Alavi et al., 2001; Renton et al., 2003), and its 
activation by ATP was shown to evoke action potentials in dental primary afferent 
neurons (Cook et al., 1997). P2X3 on TG neurons can also be sensitised by substances 
found in inflamed dental pulps, such as substance P (Park et al., 2010).  
In addition, the involvement of TRPV1, TRPA1, and P2X3 in dental pain is supported by 
the findings that pulpal application of their respective agonists activates second-order 
neurons in the spinal trigeminal nucleus or induces NMDA receptor-dependent 
neuroplastic changes (Chiang et al., 1998; Shimizu et al., 2006; Adachi et al., 2010). 
Moreover, in an in vivo electrophysiological experiment, noxious cold stimulation of the 
mouse dental pulp was demonstrated to activate the primary somatosensory cortex, 
which was inhibited by a non-selective TRP channel blocker La3+ (Jin, 2015), further 
supporting the involvement of TRP channels. Overall, the knowledge on the processes 
that occur centrally in response to dental pulp injury or inflammation is expanding. 
However, the fact that extraction of a painful tooth (or even removal of only the 
diseased portion of the pulp) generally results in pain relief (Hasselgren & Reit, 1989), 
encouraged us to focus on the processes affecting dental primary afferent neurons, their 
cell bodies in the TG, and mechanisms that potentially regulate their sensitivity.  
1.4.1.4 Tissue swelling in a low-compliance pulpal compartment 
Blood vessel dilation occurred in the areas of inflammation-induced neuronal sprouting 
in dental pulps (Taylor & Byers, 1990). Both CGRP and substance P, released from the 
peripheral terminals of peptidergic fibres, are known to cause vasodilation and plasma 
extravasation, as well as playing a role in the recruitment of immune cells to the site of 
injury (Caviedes-Bucheli et al., 2008). In human dental pulps, activation of TRPV1 
induced CGRP release (Fehrenbacher et al., 2009; Burns et al., 2016). Moreover, bacterial 
products and inflammatory mediators present in inflamed dental pulps, including LPS, 
bradykinin, and PGE2, can further stimulate CGRP release (Goodis et al., 2000; Ferraz et 




The low compliance of the pulpal compartment due to the rigid surrounding layers 
significantly increases the fluid pressure in the tissue (Heyeraas & Berggreen, 1999), 
which is likely to contribute to the painful sensation (Kim (1990), as cited in Caviedes-
Bucheli et al. (2008)). 
1.4.1.5 Treatment strategies 
Recent review of the best available data supports the use of nonsteroidal anti-
inflammatory drugs (NSAIDs) for the management of acute dental pain (Moore et al., 
2018), suggesting an involvement of prostaglandins in nociceptor sensitisation. Other 
strategies are also constantly being explored. For example, NK1 receptor antagonists 
have been tested in clinical trials against acute dental pain. However, they demonstrated 
poor analgesic properties, despite some promising previous pre-clinical data (Dionne et 
al., 1998; Urban & Fox, 2000). It should be noted that other pre-clinical models of acute 
dental pain have been developed that more accurately predict the clinical analgesic 
effect of compounds, including the relative ineffectiveness of the NK1 receptor 
antagonist (Worsley et al., 2008). Multiple TRPV1 antagonists have also been developed 
and tested in clinical trials for dental pain conditions (Mickle et al., 2016). However, the 
reports published so far revealed hyperthermia as a potentially dangerous side effect 
(Gavva et al., 2008) and only short-lasting TRPV1 antagonist-dependent analgesia was 
observed in acute dental pain (molar tooth extraction) studies (Quiding et al., 2013). 
Novel compounds targeting both TRPA1 and TRPV1 are also described in the literature 
as being promising due to effectiveness against orofacial allodynia in pre-clinical tests 
(Gualdani et al., 2015).  
1.4.2 DENTINE HYPERSENSITIVITY 
Despite extreme fluctuations in the oral environment, such as the temperatures ranging 
from 0 to 77°C in response to cold and hot drinks (Barclay et al., 2005), healthy teeth 
generally do not produce pain due to the presence of an intact protective enamel layer 
with high thermal insulating capacity (Lin et al., 2010). However, normal sensitivity to 
noxious stimuli is present, as observed during dental pulp sensibility tests (Chen & 
Abbott, 2009). Although inflammation of the dental pulp can also induce severe and 




recognised as a separate clinical condition, characterised by sharp, short-lasting pain 
that is evoked by thermal (hot or cold foods and drinks), osmotic (sugars), chemical 
(dietary acids), evaporative (air blast), or tactile/mechanical stimuli (scratching by a 
probe) to the exposed dentine (Dababneh et al., 1999). Dentine can be exposed following 
the damage of enamel layer or as a result of gingival recession and subsequent loss of 
the relatively fragile cementum layer (West et al., 2013). Exposure of dentine is required, 
but not sufficient, to cause dentine hypersensitivity, as the number of unoccluded, or 
patent, dentinal tubules and their diameters were found to be key determining factors 
(Absi et al., 1987; Addy et al., 1987; Rimondini et al., 1995).  
Although dentine hypersensitivity is a short-lasting, acute type of pain, it nonetheless 
considerably impairs the oral health-related quality of life (Bekes & Hirsch, 2013). 
Therefore, it is of importance to research the underlying mechanisms. The main 
theories that have been proposed to explain the exaggerated sensitivity of the dentine 
to different types of external stimuli will be discussed next. 
1.4.2.1 Neural theory 
Direct activation of the free nerve endings present in dentinal tubules forms the basis 
of the “neural theory” of dentine hypersensitivity (Chung et al. (2013), see Figure 1.5A). 
Based on the sudden and sharp sensation, dentinal pain has been classically attributed 
to the activation of Aδ type primary afferents, although the presence of functionally 
indistinct Aβ fibres has later been recognised (Narhi et al. (1992), as cited in Magloire et 
al. (2010)). Some receptors, known to be involved in sensory transduction, are found on 
the neurons that innervate dental pulps, which supports their potential role in detecting 
external stimuli. Specifically, studies using retrograde labelling confirmed the 
expression and/or function of ion channels like TRPA1, TRPM8, TRPV1, and TRPV2, on 
dental primary afferent neurons (Chaudhary et al., 2001; Park et al., 2006; Hermanstyne 
et al., 2008; Gibbs et al., 2011; Kim et al., 2011; Kadala et al., 2018).  
On the other hand, the neural theory fails to address how the stimulus reaches the nerve 
endings, as most studies could only detect nerve fibres in the inner part of the pre-
dentine and dentine (Byers & Dong, 1983; Carda & Peydro, 2006). Moreover, Lin et al. 




to cold stimulus occurs much faster than temperature changes reach the dentine-pulp 
junction, as estimated from the thermomechanical properties of the tooth, to directly 
stimulate the nerve endings. Therefore, the neural theory cannot explain the sudden, 
sharp pain in response to cold (Mengel et al., 1993). However, in the case of dull, burning 
dental pain produced by sustained heat stimulus, the latency of neuronal discharge 
matches the predicted heat transfer across the layers of the tooth (Lin et al., 2017), and 
could be explained by direct activation of intrapulpal nerve fibres expressing heat-
sensitive receptors, such as TRPV1. The difference between hot and cold responses 
could be further explained using the “hydrodynamic theory”. 
 
Figure 1.5 Three main hypotheses for dentine hypersensitivity 
A) The neural theory proposes direct activation of intradentinal sensory nerves by external (e.g. 
thermal) stimuli. B) The hydrodynamic theory suggests that any stimulation of the exposed 
dentine causes dentinal fluid movement, which is detected by the free nerve endings. C) The 
odontoblast transducer theory suggests that odontoblasts act as sensory cells, capable of 
detecting external stimuli and transmitting the signal to the adjacent dental primary afferents. 




1.4.2.2 Hydrodynamic theory  
The earliest suggestions for the link between dentinal fluid flow and pain date back to 
1850-1900 (Cox et al., 2017). However, what is known as the “hydrodynamic theory”, 
one of the most widely accepted theories of dentine hypersensitivity, is primarily based 
on work by Brännström and colleagues in the 1960s and 1970s (Brannstrom et al., 1967; 
Johnson & Brannstrom, 1974). They demonstrated that various pain-producing stimuli 
all cause displacement of fluid within the dentinal tubules, which pointed to an indirect 
mechanism of external stimuli recognition via detection of fluid flow by dentinal nerve 
endings (see Figure 1.5B).  
Later studies demonstrated a direct correlation between the direction and speed of 
dentinal fluid flow and dental neuron activity in cats (Andrew & Matthews, 2000; 
Vongsavan & Matthews, 2007), with higher discharge frequencies in response to 
outward (away from the pulp chamber) rather than inward flow. Higher sensitivity to 
outward dentinal fluid flow was also reported in humans (Charoenlarp et al., 2007). This 
has been proposed to explain the difference between the gradual/dull and sudden/sharp 
sensations produced by hot and cold stimuli, respectively (Lin et al., 2014). While cold 
stimulation immediately induces the outward flow capable of activating 
mechanoreceptors, the inward flow due to high temperatures produces less shear stress, 
and only the delayed thermal activation of nerve endings is thought to occur (Matthews, 
1977; Lin et al., 2011; Lin et al., 2017). Interestingly, mechanical stimulus equivalent to 
normal chewing was also demonstrated to cause dentinal fluid flow (Paphangkorakit & 
Osborn, 2000), and a simulation of fast mastication of hard food estimated that the fluid 
flow velocity can reach the pain threshold values (Su et al., 2014). 
Irrespective of the type of initial stimulus, the hydrodynamic mechanism of dentine 
hypersensitivity requires the presence of mechanoreceptors. Potentially 
mechanosensitive ion channels detected in dental primary afferent neurons include 
some of the TRP channels, such as TRPA1, as well as ASIC3 and K2P channels TREK-1 
and TREK-2 (Hermanstyne et al., 2008), with the most recent finding of a 
mechanosensitive Piezo2 (Won et al., 2017). However, even a fast, outward dentinal 
fluid flow is a relatively mild mechanical stimulus, unlikely to activate classical high-




structure was proposed as an alternative mechanical stimulus (Linsuwanont et al., 2008). 
However, it is unknown if such temperature-dependent structural changes could 
directly activate nerve fibres or whether it simply influences the fluid movement. 
Moreover, it does not explain the painful sensations produced by non-thermal (e.g. 
chemical or osmotic) stimulation of exposed dentine.  
The fact that dentine fluid flow can activate dental primary afferents could potentially 
also be explained by pre-existing neuronal sensitisation or the aforementioned proposal 
that pulpal neurons are low-threshold “algoneurons” rather than high-threshold 
nociceptive neurons (Fried et al., 2011). Nonetheless, given the sparse innervation of 
dentinal tubules, the involvement of odontoblasts, which have their processes extending 
further and in all dentinal tubules, should be considered. While it has been suggested 
that fluid flow-dependent displacement of odontoblast processes in the dentinal tubules 
might passively affect the amount of shear stress reaching the nerve endings (Lin et al., 
2011), the third theory focuses on the active role of odontoblasts in dentine 
hypersensitivity and will be discussed next. 
1.4.2.3 Odontoblast transducer theory 
The third hypothesis proposed to explain dentine hypersensitivity, termed the 
“odontoblast transducer theory”, relies on odontoblasts detecting external stimuli and, 
subsequently, sending the signal to neurons (Figure 1.5C). Their position closest to the 
external environment and adjacent to the network of nerve fibres (Shiromoto, 1984; 
Ibuki et al., 1996) supports this role. A more recently proposed working model for 
dentine hypersensitivity also includes the hydrodynamic component. It suggests that 
external stimuli-induced dentinal fluid flow produces sufficient shear stress to distort 
the odontoblast cell membrane, which activates mechanosensitive ion channels on 
odontoblasts, and this is followed by paracrine signalling to neurons (Shibukawa et al., 
2015). 
The evidence against the odontoblast transducer theory comes from early studies (e.g. 
Hirvonen and Narhi (1986)) that used an intensive air-blast stimulation to the exposed 
dentine to destroy the odontoblast layer. This was repeated for several hours but did 




However, it is likely that the injury produced by the stimulation and other processes 
involved in the method (e.g. repeated drilling and acid etching of dentine) introduced 
confounding factors and do not conclusively invalidate the sensory role of odontoblasts. 
In fact, the evidence in the literature supporting the sensory function of odontoblasts is 
rapidly increasing and will be discussed in detail in subsequent chapters. 
1.5 Hypothesis and general aims 
In this study, mouse cellular models and in vitro techniques were used to test the 
hypothesis that 1) the detection of external stimuli relevant in dentine hypersensitivity 
involves odontoblasts and adjacent dental primary afferent neurons acting as a sensory 
unit and 2) bacterial products and host-derived inflammatory mediators can modulate 
the activity of odontoblasts and/or neurons, resulting in increased sensitivity and pulpal 
pain.  
The general aims of this thesis are as follows: 
 To investigate the sensitivity of odontoblasts to physiologically-relevant stimuli 
and the sensory transducers involved in their detection. 
 To determine the functional profile of trigeminal ganglion neurons. 
 To examine the potential means of odontoblast-neuron intercellular 
communication. 
 To investigate the ability of bacterial wall components and classical 
inflammatory mediators to sensitise the activities of odontoblasts and/or 





General materials and methods 
2.1 Solutions 
Extracellular solution (ECS; complete formulation in Table 2.1) was prepared by adding 
HEPES to Hank’s balanced salt solution (HBSS; Gibco, Life Technologies). ECS lacking 
Ca2+ was prepared using Ca2+/Mg2+-free HBSS (Gibco, Life Technologies), 
supplemented with 10 mM HEPES, 1 mM Mg2+, and 1 mM EGTA. Solutions were 
buffered to pH 7.4 using NaOH.  
Table 2.1 Composition of extracellular solution (ECS) 
Inorganic salts Concentration (mM) 
Sodium chloride (NaCl) 137.93 
Potassium chloride (KCl) 5.33 
Calcium chloride (CaCl2) 1.26 
Magnesium chloride (MgCl2·6H2O) 0.49 
Potassium phosphate monobasic (KH2PO4) 0.44 
Magnesium sulphate (MgSO4·7H2O) 0.41 
Sodium phosphate dibasic (Na2HPO4·7H2O) 0.34 







Allyl isothiocyanate (AITC), capsaicin, GSK1016790A, HC067047 and N-ethylmaleimide 
were all purchased from Sigma, UK. Murine tumour necrosis factor alpha (TNFα) was 
obtained from PeproTech. 
AITC, capsaicin, GSK1016790A, and HC067047 were all dissolved in dimethyl sulfoxide 
(DMSO; Sigma), whereas N-ethylmaleimide and TNFα were dissolved in dH2O. 
Compounds were further diluted in either complete culture medium or ECS to achieve 
appropriate final concentrations, as indicated in the text and figures. 
2.3 Cell culture 
2.3.1 MOUSE 17IA4/OB CELLS 
Mouse dental pulp 17IA4 cell line (Priam et al., 2005) was kindly provided by Professor 
Paul Sharpe (King’s College London). Unless stated otherwise, undifferentiated 17IA4 
cells were cultured in αMEM basal medium containing deoxyribonucleosides, 
ribonucleosides and UltraGlutamine 1 (Lonza), supplemented with heat-inactivated 
foetal bovine serum (15% (v/v); Sigma), 100 U/ml penicillin, and 100 µg/ml streptomycin 
(Sigma). Differentiating medium was additionally supplemented with L-ascorbic acid 
(50 μg/ml; Sigma), β-glycerophosphate (10 mM; Calbiochem), and dexamethasone (100 
nM; Sigma), as published elsewhere (Wei et al., 2007). Cells were grown in 75 cm2 flasks. 
When the confluency of 80-90% was reached, cells were passaged using a solution of 
0.25% Trypsin-0.1% (w/v) EDTA in Ca2+/Mg2+-free Dulbecco’s PBS (Sigma) as a 
dissociation reagent. Cultures were maintained in a humidified incubator at 37°C and 
5% CO2. Culture medium was changed every 2-3 days. 17IA4 cells exposed to 
differentiating medium before starting the experiments will be referred to in the text 




2.3.2 PRIMARY MOUSE TRIGEMINAL GANGLION NEURONS 
Trigeminal ganglia (TG) were dissected from adult male and female C57BL/6 mice 
sacrificed by either intraperitoneal injection of sodium pentobarbital or concussion of 
the brain by striking the cranium, followed by dislocation of the neck, as approved by 
the UK Home Office. Collected TG were each cut into several pieces and incubated in 
Ham’s F12 medium (GE Healthcare) with 0.125% (w/v) collagenase (Sigma) for 60 min 
at 37°C. Subsequently, collagenase solution was carefully removed, and TG pieces were 
washed with F12. They were then placed in F12 medium containing 1% N2 supplement 
(Gibco, Life Technologies), 0.3% (v/v) bovine serum albumin (Sigma), 100 U/ml of 
penicillin, and 100 µg/ml streptomycin (Sigma). This was followed by mechanical 
dissociation of TG neurons by trituration with fire-polished glass Pasteur pipettes (150 
mm in length) of decreasing inside diameter. The collected suspension was filtered 
through a 70-micrometre cell strainer and centrifuged for 6 minutes at 600 rpm. The 
pellet containing the neurons was then resuspended in an appropriate volume of the 
supplemented F12 medium. The cells were plated onto the centre of sterile round glass 
coverslips (10 µl of cell suspension per coverslip) pre-coated with poly-D-lysine (100 
µg/ml at 4°C overnight; Sigma) and laminin (40 µg/ml at 37°C for at least 2 hours; Sigma). 
After a 30-45-minute incubation at 37°C, each well was flooded with another 490 µl of 
pre-warmed supplemented F12 medium containing no exogenous nerve growth factor 
(NGF). TG neurons were maintained in a humidified incubator at 37°C and 5% CO2. 
2.4 Reverse transcription polymerase chain reaction (RT-
PCR)  
2.4.1 RNA EXTRACTION AND PURIFICATION 
QIAzol lysis reagent (Qiagen) was used to extract RNA from both trigeminal ganglion 
(TG) tissue and cultured 17IA4/OB cells. TG were dissected from BALB/c mice and 
flash-frozen. Frozen TG were dropped into QIAzol, homogenised using a hand-held 
homogeniser, and incubated at room temperature for 5 minutes. QIAzol was directly 
added to 17IA4/OB cell culture dishes after complete aspiration of the culture medium, 




TG homogenate and cell lysates (500 µl/sample) were then transferred to pre-spun 
(12,000 rpm for 2 minutes) phase lock gel (PLG) columns (5PRIME) followed by the 
addition of chloroform (100 µl/column). The columns were shaken for 15 seconds and 
incubated at room temperature for 3 minutes, followed by a 15-minute centrifugation 
(12,000 rpm at 4°C). The aqueous phase was then poured off into RNAse-free tubes 
before processing the samples using RNeasy Micro kit (Qiagen), according to the 
manufacturer’s protocol for the purification of total RNA. This included on-column 
digestion of DNA by incubation with DNAse I for 15 minutes at room temperature. The 
concentration and quality of the resulting RNA samples were tested using NanoDrop 
spectrophotometer (Thermo Fisher Scientific). 
2.4.2 FIRST-STRAND CDNA SYNTHESIS 
For each sample, the same amount of RNA (1.5 µg) was diluted in RNAse-free dH2O in 
a final volume of 12 µl. Random primers (1 µl of 50 mM; Promega) and dNTPs (1 µl of 
10 mM; Promega) were added to each reaction, and the tubes were placed in a 
thermocycler (GeneAmp PCR System 9700, Applied Biosystems) at 65°C for 5 minutes, 
then cooled on ice for at least 1 minute. Reverse transcription master mix (4 µl of first 
strand buffer (5x), 1 µl of 0.1 M DTT, and 1 µl of 200 U/µl Superscript III RT (Invitrogen) 
per sample) was then added to each reaction, followed by gentle pipetting up and down 
to mix. No RT control reactions, where Superscript III RT was replaced with RNAse-
free water, were also prepared. All tubes were then incubated in a thermocycler at 25°C 
for 5 minutes, 50°C for 60 minutes, 70°C for 15 minutes, and cooled to 4°C, before storing 
the cDNA products at -20°C. 
2.4.3 AMPLIFICATION OF CDNA BY PCR 
A PCR master mix was prepared, containing (per reaction): 12.4 µl dH2O, 4 µl Green 
GoTaq® reaction buffer (5x) and 0.2 µl of GoTaq® G2 DNA Polymerase (5 U/µl; 
Promega), 0.4 µl dNTPs (10 mM each; Promega), 1 µl of forward and 1 µl of reverse 
primer (both pre-diluted in dH2O to 10 µM). A template (1 µl of cDNA diluted 1:5 in 
dH2O to the concentration of 15 ng/µl) was then added to each reaction, to obtain the 




Table 2.2 Primer pairs used for reverse transcription PCR (RT-PCR) 





















































































with dH2O, were also prepared. The thermocycler programme used for PCR involved 
initial heating of the samples to 95°C for 5 minutes, followed by 35 cycles of 30 seconds 
at 94°C, 30 seconds at an appropriate annealing temperature (Ta) for each primer pair 
(listed in Table 2.2), and 30 seconds at 72°C, finishing with 5-10 minutes at 72°C. 
Products were stored at -20°C. 
2.4.4 AGAROSE GEL ELECTROPHORESIS 
RT-PCR products or DNA ladder (typically 5 µl/well) were run on agarose gels (2% in 
standard Tris/Borate/EDTA (TBE) buffer with ethidium bromide) at 80-100V, until 
sufficient separation of DNA fragments was achieved, as seen from dye-containing 
DNA ladder bands. DNA ladders used include Quick-Load® 100 bp DNA Ladder (New 
England Biolabs), 100 bp DNA ladder (Promega), and Quick-Load® Purple 50 bp DNA 
ladder (New England Biolabs), and are specified in figure captions. The gels were 
visualised under UV using GelDoc-It imaging system (UVP). Inverted colour images 
were produced using Picasa 3 software. 
2.5 Measurement of intracellular Ca2+ concentration 
Fura-2AM, one of the most popular ratiometric, cell membrane-permeant intracellular 

































Ratiometric calcium indicators enable accurate quantification of [Ca2+]i, with a signal 
that is stable, generally not affected by photobleaching and confounding variables, such 
as differences in dye loading and distribution, dye leakage, or changes in cell volume 
during the experiment (Paredes et al., 2008). Calcium imaging using ratiometric dyes 
can be slower, compared with the use of single-wavelength calcium indicators, and 
might require specialised equipment to enable dual excitation at correct wavelengths. 
Moreover, some newer generation calcium indicators demonstrate higher signal-to-
background ratio than Fura-2AM. However, these potential disadvantages of Fura-2AM 
did not seem to impact our calcium imaging experiments. 
With increasing [Ca2+]i, fluorescence resulting from Fura-2AM excitation at 340 nm 
increases, but fluorescence resulting from excitation at 380 nm decreases. Therefore, the 
340 nm/380 nm Fura-2AM emission intensity ratio (F340/F380) directly correlates with 
[Ca2+]i. Fura-2AM used in these experiments was purchased either from Teflabs 
(discontinued) or Invitrogen. 
2.5.1 MICROPLATE-BASED CALCIUM FLUX ASSAY 
OB or 17IA4 cells were seeded into black-walled clear-bottom 96-well plates. When the 
cells reached confluence, they were washed with pre-warmed ECS and incubated with 
Fura-2AM (2 µM) in ECS (100 µl/well) for 1 hour at 37°C. Fura-2AM solution was then 
replaced with ECS only (typically 50 µl/well), followed by the measurement of mean 
fluorescence (excitation at 340 and 380 nm, emission at 520 nm) from the bottom of each 
well using a FlexStation 3 microplate reader with integrated programmable liquid 
handling (Molecular Devices). All experimental runs were performed at 30°C. Unless 
stated otherwise in specific method sections, each run lasted for 180 seconds, with 
automatic compound additions performed at 20 seconds, and fluorescence readings 
made every 6 seconds. F340/F380 ratios were calculated in Excel after exporting the 
fluorescence values from SoftMax Pro software (Molecular Devices). To calculate the 
amplitude of responses to different compounds, the mean baseline F340/F380 (average of 
recordings from 0 to 20 seconds) was subtracted from the maximum change in F340/F380 
(maximum values from 20 to 180 seconds). The values from 3 wells of a 96-well plate 
were averaged to give an n of 1. Independent experiments were performed on different 




2.5.2 MICROSCOPE-BASED SINGLE-CELL CALCIUM IMAGING 
Unless stated otherwise, primary TG neurons were used for calcium imaging 
experiments after 18-24 hours in culture. The cells were incubated with 2 µM Fura-2AM 
in ECS for 1 hour at 37°C. The coverslips were then mounted in an open bath chamber 
and washed with ECS. Compounds diluted to appropriate concentrations in ECS (or 
complete OB medium in some co-culture experiments, as indicated) were applied using 
gravity-feed perfusion system at a flow rate of 4 ml/min. The temperature of solutions 
perfused onto the cells was maintained at approximately 30°C using an in-line solution 
heater/cooler (Warner Instruments). Experimental protocols will be described in 
specific method sections. However, at the end of every experimental run, the cells were 
challenged with 50 mM KCl to distinguish healthy TG neurons from low-viability 
neurons and non-neuronal cells present on the coverslips. 
The Fura-2AM fluorescence ratio (excitation at 340 and 380 nm, emission at 510 nm) of 
a group of cells in the field of view (10x magnification) was measured using an inverted 
microscope-based imaging system (PTI EasyRatioPro), with images being captured by 
ORCA Flash 4.0 digital CMOS camera (Hamamatsu) approximately every 2 seconds. 
Fura-2AM emission intensity ratios (F340/F380) were calculated using EasyRatioPro 
software (PTI). The average of baseline F340/F380 values, typically recorded for 30-60 
seconds before the first compound application, was subtracted from the maximal ratio 
values detected in response to each compound. The amplitude of each response was 
expressed as a percentage of the corresponding maximum Fura-2AM ratio change 
detected in response to 50 mM KCl. However, in the experiments where TG neurons 
were exposed to 1 µM capsaicin just before the application of KCl, capsaicin-sensitive 
neurons displayed reduced subsequent KCl responses. In those cases, the maximum 
Fura-2AM ratio change in response to either KCl or capsaicin (whichever was greater) 
was used for calculations. Only the neurons that responded to 50 mM KCl with an 
increase in F340/F380 of at least 0.1 above baseline were included in the analysis. TG 
neurons that responded to the treatments with an increase in F340/F380 of at least 20% of 
the maximum (KCl or capsaicin) response were counted as responders. Each 




2.6 Measurement of extracellular ATP concentration 
OB cells were seeded into clear 4-well plates and grown in differentiating medium to 
confluence. On the day of the experiment, culture medium in the wells was replaced 
with pre-warmed fresh medium or ECS, with or without any added compounds, as 
specified in the result figures and their captions. Unless stated otherwise in specific 
method sections, final compounds were diluted in the well at a ratio of 1:10 by careful, 
dropwise application to prevent any artefacts from mechanical stimulation of the cells 
due to pipetting. This typically resulted in a final volume of 500 µl/well. Moreover, the 
medium or ECS from each well were sampled at least 15 minutes after the final 
treatment, as increases in extracellular ATP concentrations ([ATP]o) induced by a 
culture medium change were reported to return to baseline by this time point 
(Egbuniwe et al., 2014). Two 100-microlitre samples of the medium/ECS from each well 
of a 4-well plate were then transferred into a white opaque 96-well plate. CellTiter-Glo® 
(Promega) luciferin-luciferase assay was used according to the manufacturer’s protocol 
to measure ATP concentration. First, CellTiter-Glo reagent was prepared by mixing the 
supplied substrate and buffer solutions. Equal volume (100 µl) of the room-temperature 
reagent was added into the wells containing the samples or the same volume of ATP 
standards. The plate was incubated at room temperature away from light for 10 minutes, 
followed by luminescence detection using FLUOstar Omega microplate reader (BMG 
Labtech). An average of measurements from duplicate samples from two separate wells 
of a 4-well plate was considered an n of 1. Comparisons were made with corresponding 
vehicle-treated wells from the same 4-well plate. 
2.6.1 ATP STANDARD CURVES 
ATP standards (1 nM, 10 nM, 100 nM, and 1 µM) were freshly prepared in either 
complete OB medium or ECS, as appropriate, and assayed in duplicate to generate a 
standard curve for each 96-well assay plate. Mean value of relative luminescence units 
(RLUs) per 1 nM ATP was then calculated and used for conversion of RLU to [ATP]o. 
To ensure that any observed differences in luminescence recordings are not due to 
artefactual effects of added compounds on the luminescence signal or the 




standards were prepared by adding ATP to solutions representing the final combination 
of test compounds and vehicles that the cells were exposed to. In cases where these 
standards were run on a separate 96-well plate from experimental samples, a correction 
factor for the RLU to [ATP]o conversion was established from 2-4 sets (OB/ECS vs. 
vehicle or OB/ECS vs. test compound) of ATP standard curves.  
2.7 Statistical analysis 
All quantitative data are represented graphically or in the text as mean values ± 
standard error of the mean (SEM). GraphPad Prism 7 software was used for data 
visualisation and statistical analysis. Specific statistical tests used will be indicated in 
the method and result sections of result chapters. A p-value of less than 0.05 (p < 0.05) 





Characterisation of mouse 
odontoblast-like cells and their 
sensory function 
3.1 Introduction 
3.1.1 CURRENT MODELS FOR STUDYING ODONTOBLASTS 
Due to their post-mitotic nature and location at the dentine-pulp junction, with cellular 
processes embedded in pre-dentine and dentine (Goldberg, 2014), studies of mature 
odontoblasts have often been limited to immunohistochemical and histological analyses 
of the odontoblast cell layer in extracted teeth. However, several different approaches 
have been used to overcome this and enable more extensive investigations in vitro. Some 
research groups established tooth slice or organ cultures that preserve the odontoblast 
morphology in dentine, either with the underlying pulpal soft tissue (e.g. Sloan et al. 
(1998)) or without (Tjaderhane et al., 2001; Veerayutthwilai et al., 2007), relying on 
odontoblast attachment to the dentine scaffold. Although these strategies provided 
some useful information about certain gene expression or protein secretion by mature 
odontoblasts, a lot of functional assays require isolation of the cells. Primary cell 
cultures enable manipulation and live visualisation, while generally maintaining the in 




(Vertrees et al., 2008). However, the reports of successful primary mature odontoblast 
culture in the literature are relatively rare, reflecting the difficulty of their isolation 
(Guo et al., 2000; Cuffaro et al., 2016). As a result, the majority of researchers studying 
odontoblast function have relied on odontoblast precursor/progenitor cells and their in 
vitro differentiation into odontoblast-like cells. The species of origin as well as the 
methods for obtaining the precursor cells vary. For example, dental pulp stem cells can 
be obtained from pulpal explants (Couble et al., 2000) or by dissociation of dental pulp 
tissues (Gronthos et al., 2000). The most recent development, reported by Xie and 
colleagues (2018), is the differentiation of odontoblast-like cells from human induced 
pluripotent stem cells (iPSCs). In addition, pre-odontoblastic immortalised cell lines, 
such as MDPC-23, have also been commonly used (Hanks et al., 1998). Therefore, a great 
variety of methods have been employed to study odontoblast function in the laboratory. 
3.1.2 SENSORY ION CHANNELS IN ODONTOBLASTS 
The ability of odontoblasts to detect physical and chemical stimuli and convert them 
into electrical signals, essential for their proposed role in sensation and pain, is 
supported by numerous studies that demonstrate the expression and/or function of 
sensory ion channels in odontoblasts or odontoblast-like cells from mice (Table 3.1), rats 
(Table 3.2), and humans (Table 3.3). These include a wide range of transient receptor 
potential (TRP) ion channels, epithelial sodium channels (ENaCs), and acid-sensing ion 
channels (ASICs), known to be involved in sensory transduction, as well as calcium-
activated (KCa) and voltage-gated (Kv) potassium channels, and voltage-gated sodium 
channels (Nav), involved in the membrane potential regulation. This provides evidence 
for the odontoblast sensory function, which supports their involvement in dentine 
hypersensitivity. Moreover, odontoblast expression of ion channels specifically linked 
to mechanotransduction, such as TRPP1 and 2, localised to odontoblast primary cilia, as 
well as TRPV4, Piezo2, transmembrane channel-like 2 (TMC2) and two-pore domain 
(K2P) potassium channel TREK-1, also suggests that odontoblasts are able to detect the 
membrane deformation resulting from dentinal fluid movement, which supports the 
“odontoblast hydrodynamic receptor theory” proposed by Shibukawa and colleagues 
(2015). Nonetheless, it should be noted that there are a lot of inconsistencies between 




expression. This prompted us to characterise the expression of some of these sensory 
ion channels in our chosen cellular model for studying odontoblast function – mouse 
odontoblast like-cells (described in section 3.1.4). 















 Increase in [Ca2+]i in response to 
hypotonic solution and noxious heat, 
but not to cold 
 Increase in [Ca2+]i and currents induced 
by capsaicin (TRPV1), 2-APB (TRPV2-3), 
and 4α-PDD (TRPV4), but not icilin or 
menthol (TRPM8 and TRPA1) 







 Increase in [Ca2+]i in response to 
capsaicin, probenecid (TRPV2), and RN-
1747 (TRPV4). 
 Increase in [Ca2+]i and inward currents 
induced by hypotonic solution were 
blocked by TRPV1, TRPV2, and TRPV4 
antagonists, but not by TRPM8 or 
TRPA1 antagonists 
(Sato et al., 
2013) 













- - (Khatibi 
Shahidi et al., 
2015) 
TRPM7 - - (Nakano et al., 
2016; Ogata et 
al., 2017) 










Evidence for functional expression References 
TRPV1 - Capsaicin induced inward currents, 







No change in [Ca2+]i in response to heat, 
cold, capsaicin, menthol, or icilin  




- - (Byers & 
Westenbroek, 
2011) 
TRPV1 - TRPV1 activation induced an increase in 





 Increase in [Ca2+]i in response to TRPM8 














TRPM8# Mechanical stimulation induced an 
increase in [Ca2+]i, which was inhibited 
by TRPV1, TRPV2, TRPV4, and TRPA1 
antagonists, but not TRPM8 antagonist 
(Shibukawa et 
al., 2015) 
TRPM8 - - (Tokuda et al., 
2015b) 
TRPA1# - High pH-induced increase in [Ca2+]i is 
reduced by TRPA1 antagonist 











- Electrophysiological characterisation of 
respective slow activating voltage-
dependent K+ currents 







Increase in [Ca2+]i in response to 
hypotonic solution and naltriben 
(TRPM7), both inhibited by TRPM7 
antagonists 
(Won et al., 
2018) 
TRPV1 - - (Ohkura et al., 
2018) 
* = detected in a small percentage of odontoblasts or expressed at low levels 










Evidence for functional expression References 
KCa - KCa currents activated by negative 
pressure and osmotic shock  
(Allard et al., 
2000) 










-  Increase in [Ca2+]i in response to 
icilin, cinnamaldehyde, capsaicin, 
and menthol, blocked by non-
selective TRP antagonist, TRPA1 
antagonist, or capsazepine 
 Increase in [Ca2+]i in response to heat 
and cool temperatures, blocked by 
capsazepine, and cold, reduced by 
TRPA1 blocker and TRPA1 siRNA 























TRPM8  Increase in [Ca2+]i in response to 
GSK1016790A, blocked by selective 
TRPV4 antagonist  
 Increase in [Ca2+]i in response to allyl 
isothiocyanate and cinnamaldehyde, 
inhibited by TRPA1 antagonists 
 No change in [Ca2+]i in response to 





-  Increase in [Ca2+]i in response to 
cinnamaldehyde and GSK1016790A 
 Increase in [Ca2+]i in response to 
hypotonic solution, inhibited by both 
TRPA1 and TRPV4 antagonists  





TRPC1 - Increase in [Ca2+]i in response to 
thapsigargin, reduced in shRNA-TRPC1 
cells 
(Song et al., 
2017) 
TRPC6 - Increase in [Ca2+]i in response to 1-
oleoyl-2-acetyl-sn-glycerol, reduced in 
shRNA-TRPC6 cells 





- - (Wen et al., 
2017) 
TRPM8 TRPA1 - (Tazawa et al., 
2017) 
* = detected in a small percentage of odontoblasts or expressed at low levels 
# = only functional evidence for the conditions tested, no gene/protein expression data provided 
& = gene expression detected, but no channel function 
3.1.3 PARACRINE SIGNALLING FROM ODONTOBLASTS 
In addition to the ability to detect external stimuli, a sensory role of odontoblasts in 
dentine hypersensitivity requires a mechanism to signal from odontoblasts to neurons. 
Since no synaptic connections could be detected between the two cell types in the teeth 
(Shiromoto, 1984; Byers et al., 1987), paracrine signalling has been explored as a means 
of intercellular communication. ATP and glutamate have so far been proposed as 
potential mediators of this process. Cultured human and rat odontoblasts release ATP 
in response to TRPA1 and TRPV4 activation (Egbuniwe et al., 2014) and direct 
mechanical stimulation (Shibukawa et al., 2015), respectively. ATP is also released in 
human teeth in vitro in response to cold and mechanical stimulation to the exposed 
dentine (Liu et al., 2015). While ATP release via connexin hemichannels, pannexin 
transmembrane channels, and vesicular exocytosis has been considered in the literature, 
most evidence point to the involvement of pannexin 1 (Liu et al., 2015; Shibukawa et al., 
2015; Ikeda et al., 2016). ATP hydrolysis enzyme nucleoside triphosphate 
diphosphohydrolase 2 (NTPDase2) has also been detected in the vicinity of odontoblasts 
and nerve fibres in human dental pulps (Liu et al., 2012), suggesting local degradative 
regulation of ATP concentrations. Finally, the role of ATP as a mediator of odontoblast-
neuron signalling is supported by the presence of purinergic P2X3 receptors on dental 
pulp primary afferents (Alavi et al., 2001; Jiang & Gu, 2002; Renton et al., 2003). 
Recently, two research groups also proposed the involvement of glutamate in the 




presence of glutamate near the odontoblasts and their processes, glutamate release from 
odontoblasts in response to increased intracellular calcium concentrations, and 
expression of metabotropic glutamate receptor 5 (mGluR5) on the dental pulp primary 
afferents. Nishiyama and co-workers (2016) provided evidence for glutamate release 
from mechanically stimulated odontoblasts via glutamate-permeable anion channels 
and subsequent activation of mGluR receptors on the neighbouring trigeminal ganglion 
neurons in co-cultures. While we focused our attention on the mechanisms of ATP 
release from mouse odontoblast-like cells, a preliminary experiment testing if these cells 
release glutamate when stimulated will also be discussed. 
3.1.4 MOUSE DENTAL PULP 17IA4 CELLS AND ODONTOBLASTIC DIFFERENTIATION 
Immortalised mouse dental pulp 17IA4 cells were differentiated into odontoblast-like 
(OB) cells and used in our experiments as a cellular model for studying odontoblasts in 
vitro. These cells were established by Priam and colleagues (2005) by dissociation of first 
molar tooth germs from embryonic day (ED) 18 mice and subsequent cloning by limiting 
dilution. The mice used were transgenic for simian virus 40 (SV40) large T antigen under 
the control of the adenovirus early transcription unit 1A (E1A) promoter. This induces 
low-level expression of the SV40 oncogene, which causes inhibition of p53 and Rb 
family tumour suppressors (Ahuja et al., 2005) and potential stimulation of telomerase 
activity (Yuan et al., 2002), resulting in the immortalisation of the cells. We viewed the 
immortalised nature of 17IA4 cells as an advantage, as it enables their continuous use 
for multiple types of in vitro experiments, including functional studies, which would be 
difficult using primary mature odontoblasts. Moreover, mouse cells were favoured over 
odontoblast-like cells from other species when choosing a cellular model, as our later 
experimental plans involved co-culturing odontoblast-like cells with mouse trigeminal 
ganglion neurons (discussed in Chapter 6). 
Most importantly, the researchers that established 17IA4 cells (Priam et al., 2005) 
confirmed their identity as odontoblast precursors by demonstrating gene or protein 
expression of multiple odontoblastic markers, such as dentine matrix protein 1, dentine 
sialoprotein, nestin, type I collagen, osteopontin, and the transcription factor Runx2, as 
well as genes for LIM homeobox proteins 6 and 8, which are thought to be key 




provided some additional information about the odontoblast-like phenotype of these 
cells. Unlike freshly dissociated ED14 dental mesenchymal cells, but similarly to ED18 
primary dental mesenchymal cells, cultured 17IA4 cells were unable to induce tooth 
formation after in vitro re-association with ED14 dental epithelium (Keller et al., 2011). 
However, this is likely related to the developmental stage difference. On the other hand, 
even though conventionally cultured 17IA4 cells morphologically do not resemble 
typical odontoblasts that contain a cellular process (see Figure 3.1), they were 
demonstrated to form new dentine-like structures when implanted into mouse dental 
pulps (Lacerda-Pinheiro et al., 2008), supporting their odontoblast-like function. 
 
Figure 3.1 Mouse dental pulp 17IA4 cells 
Photographs of sub-confluent and near-confluent 17IA4 cells (3 days in culture in both cases), 
visualised under phase contrast microscope. 
To check that 17IA4 cells we obtained demonstrate the reported odontoblastic 
phenotype, preliminary tests for their in vitro odontogenic differentiation potential 
were performed before starting the main experiments. The details of odontoblastic 





3.1.5 OBJECTIVES OF THE PRESENT STUDY 
Specific objectives of the experiments described in this chapter are as follows: 
 To assess whether cultured mouse dental pulp 17IA4 cells provide an 
appropriate model for studying odontoblast function by testing their in vitro 
differentiation into odontoblast-like (OB) cells using gene expression and 
mineralisation assays. 
 To determine functional expression of a selection of TRP channels, implicated in 
sensory transduction, in mouse OB cells using RT-PCR and calcium flux assay. 
 To test the ability of bacterial wall components lipopolysaccharide (LPS) and 
lipoteichoic acid (LTA), and inflammatory mediator TNFα to modulate TRP 
channel function in mouse OB cells using calcium flux assay. 
 To investigate whether activation of TRP channels in mouse OB cells stimulates 
ATP release and the potential underlying mechanisms, primarily by using 
pharmacological tools and bioluminescent detection of extracellular ATP 
concentration. 
 To investigate whether stimulated mouse OB cells release glutamate, using 




Table 3.4 Odontoblastic markers used in this study 
Protein  
(alternative name) 
Symbol Gene Relevance to odontoblast 
function 
Reference 
Alkaline phosphatase ALP Alpl Enzyme involved in 
dentine mineralisation 










et al., 2002) 
Bone sialoprotein 2 (integrin-
binding sialoprotein) 
BSP2 Ibsp Extracellular matrix 
protein found in dentine 
(Qin et al., 
2001) 
Collagen type I, alpha 1 COL1α1 Col1a1 Major component of 






factor 2 (core-binding factor 
subunit alpha 1) 
RUNX2 Cbfa1 Transcription factor 
involved in odontoblast 




Dentine matrix protein 1 DMP1 Dmp1 Non-collagenous protein 
important in odontoblast 
maturation and 
mineralisation 
(Qin et al., 
2007) 
Dentine sialophosphoprotein DSPP Dspp Precursor for major non-
collagenous dentine 
matrix components, 





Distal-less homeobox 3 
protein 
DLX3 Dlx3 Transcription factor 
important for odontoblast 
polarisation and dentine 
formation 
(Choi et al., 
2010) 
LIM homeobox protein 6 LHX6 Lhx6 Transcription factors 
demonstrating restricted 
expression during tooth 
development 
(Grigoriou et 
al., 1998) LIM homeobox protein 8 (7) LHX8 Lhx8 
Secreted phosphoprotein 1 
(osteopontin) 
OPN Spp1 Extracellular matrix 




Specificity protein 7 (Osterix) OSX Sp7 Transcription factor 
involved in odontoblast 
maturation and dentine 
synthesis 





3.2 Materials and methods 
3.2.1 REAGENTS 
The following reagents have been used in addition to the reagents listed in Chapter 2 
(section 2.2). Bafilomycin A1, brilliant blue G, cinnamaldehyde, clodronic acid disodium 
salt (clodronate), EGTA, flufenamic acid, icilin, lipopolysaccharide (LPS, from 
Escherichia coli), lipoteichoic acid (LTA, from Streptococcus faecalis), and probenecid 
were all purchased from Sigma, UK. BAPTA-AM was obtained from Invitrogen. 
Carbenoxolone disodium salt was purchased from Alfa Aesar. 
Bafilomycin A1, BAPTA-AM, cinnamaldehyde, and probenecid were all dissolved in 
dimethyl sulfoxide (DMSO; Sigma), whereas brilliant blue G, carbenoxolone, clodronate, 
and LTA were dissolved in dH2O. EGTA was dissolved in ECS or cell culture medium, 
as required, and LPS was dissolved in ECS. Compounds were further diluted on the day 
of the experiment in either complete culture medium or ECS to achieve appropriate 
final concentrations (indicated in the text and figures). 
3.2.2 DETECTION OF ODONTOBLAST MARKER GENE EXPRESSION IN 17IA4/OB 
CELLS 
3.2.2.1 Reverse transcription polymerase chain reaction (RT-PCR) 
RT-PCR and agarose gel electrophoresis were performed using the methods described 
in Chapter 2 (section 2.4). Where not specified on gel images, samples used were from 
17IA4 cells grown in either non-differentiating (labelled ‘17IA4’) or differentiating 
medium (labelled ‘OB’) for 7 days. Information on media formulations can be found in 
section 2.3.1. 
3.2.2.2 Quantitative polymerase chain reaction (qPCR) 
After the first-strand synthesis, described in section 2.4.2, cDNA from 17IA4/OB cells 
was diluted 1:15 in dH2O to obtain 5 ng/µl. For each gene tested, forward and reverse 




mix. A qPCR master mix was then prepared, containing (per sample): 5 µl of 
LightCycler® 480 SYBR Green I Master (Roche), 0.5 µl of primer master mix, and 3.5 µl 
of molecular grade water. This was dispensed into a white 384-well plate at 9 µl/well, 
followed by the addition of 1 µl of cDNA or 1 µl of dH2O (for no template control 
samples). All samples were tested in triplicate (technical replicates). The plate was then 
sealed, centrifuged for 20 seconds, and run using a Lightcycler 480 II (Roche) qPCR 
machine and a pre-set SYBR Green programme (pre-incubation at 95°C for 5 minutes, 
followed by 45 cycles of amplification at 95°C, 60°C and 72°C, 10 seconds each, with a 
single acquisition after each incubation at 72°C). A standard melting curve programme 
was then performed (95°C for 5 seconds, 65°C for 1 min, and temperature ramp up to 
97°C with continuous acquisition). Melting curve analysis and agarose gel 
electrophoresis of the samples were used to confirm the identity and specificity of 
amplified products. Moreover, in order to assess primer efficiency, serial 5-fold dilutions 
of cDNA (from samples found to express highest levels of each gene in the previous 
run) were performed and tested for each primer pair. Seven-point standard curves (from 
cDNA being undiluted to diluted 1:15625) were constructed, and primer efficiencies 
were found to range from 1.84 to 2.00 (Table 3.5; R2 = 0.99 in each case). To account for 
these differences in primer efficiency, Pfaffl relative quantification method (Pfaffl, 2001) 
was used to calculate relative fold changes in odontoblast marker gene expression 
(expressed as differentiated OB vs. undifferentiated 17IA4 cells at 1, 3 or 7 days, using 
18S rRNA as a reference gene). 
Table 3.5 Primer pairs used for quantitative PCR (qPCR) 


























3.2.3 ALKALINE PHOSPHATASE ACTIVITY ASSAY 
Undifferentiated 17IA4 cells were seeded in clear 96-well plates at equal density per well 
for each condition. The cells were grown for 14 days in total, with designated wells on 
the same plate exposed to either unsupplemented (non-differentiating) culture medium 
for 14 days, differentiating medium for 14 days, or the medium was switched from non-
differentiating to differentiating for the last 1 or 7 days, as indicated. On the day of the 
assay, the medium was removed from the plate, and the cells were washed with room-
temperature 1x Dulbecco’s PBS (DPBS) containing no calcium and magnesium ions 
(Sigma). After removing DPBS, the cells were fixed using ice-cold 75% ethanol for 10 
minutes, followed by washing twice with PBS containing 0.05% (v/v) Tween-20® (Santa 
Cruz Biotechnology). SIGMAFAST™ BCIP®/NBT (Sigma) tablet was dissolved in 10 ml 
dH2O to yield a solution containing alkaline phosphatase substrate 5-bromo-4-chloro-
3-indolyl phosphate (BCIP; 0.15 mg/ml), nitro blue tetrazolium (NBT, 0.30 mg/ml), Tris 
buffer (100 mM), and MgCl2 (5 mM), pH 9.25–9.75. The cells were stained using this 
solution for 5 minutes at room temperature. After removing the substrate solution, the 
cells were washed again with PBS containing Tween-20. PBS (100 µl/well) was then 
added onto the cells, and absorbance was measured at a wavelength of 560 nm, 
corresponding to a blue-purple end-product NBT diformazan. The measurements of 
absorbance from each well were performed twice using FLUOstar Omega microplate 
reader (BMG Labtech). Average absorbance from cell-free blank control wells, which 
were exposed to the same solutions during the experiment, was subtracted from the 
values from cell-containing wells. An average of 4 wells was considered an n = 1. The 
data represent three independent experiments from different cell passages. 
3.2.4 ALIZARIN RED S STAINING 
Undifferentiated 17IA4 cells were seeded in 6-well plates in either non-differentiating 
or differentiating (supplemented) medium at equal densities per well, and grown for 1-
14 days, as indicated.  On the day of the procedure, the medium was removed from the 
wells, and the cells were washed with room-temperature 1x DPBS containing no Ca2+ 
and Mg2+ (Sigma). After removing DPBS, the cells were fixed using ice-cold 75% ethanol 




Sigma) solution in ddH2O (pH adjusted to 4.2 using NaOH) for 30-45 minutes (the same 
amount of time for both conditions to enable direct comparisons). The wells were then 
washed twice with dH2O to remove any unincorporated excess dye. The photographs 
of each well were then taken. The proportion of ARS-positive area in each well was 
determined using ImageJ software, with a threshold (red) set to 75. 
3.2.5 DETECTION OF CHANGES IN INTRACELLULAR CALCIUM CONCENTRATION 
The activity of different transient receptor potential (TRP) ion channels in non-
differentiated 17IA4 or differentiated odontoblast-like (OB) cells was investigated using 
a microplate-based calcium flux assay, as described in section 2.5.1. These experiments 
involved a final 1:2 dilution of TRP channel agonists or respective vehicles, performed 
by automated addition of 50 µl of test compound to 50 µl of extracellular solution (ECS) 
already present in the cell-containing wells of a 96-well plate. In addition to the cells 
grown in the differentiating or non-differentiating αMEM-based media, 17IA4 cells 
grown in non-differentiating DMEM/F-12-based culture medium were also tested in the 
initial experiments, as this medium was used for growing 17IA4 cells by some other 
research groups (Keller et al., 2011). 
TRPV4 antagonist experiments involved pre-treatment of the cells with HC067047 (50 
nM-10 µM) or DMSO vehicle for 15 minutes. Antagonist remained in contact with the 
cells throughout experimental runs. In the experiments involving cell pre-treatment 
with LPS, LTA, or tumour necrosis factor alpha (TNFα), these agents were either added 
to the culture medium (24-hour pre-treatments), included in the ECS during cell 
incubation with Fura-2AM (1-hour pre-treatments), or automatically added during 
prolonged experimental runs (10-minute pre-treatment with TNFα). LPS, LTA, and 
TNFα were washed off after the 1-hour pre-treatments but remained in contact with the 
cells during experimental runs in the case of 24-hour and 10-minute pre-treatments. 
Calcium chelation experiments involved an initial loading of the cells with a higher 
concentration of Fura-2AM (4 µM, 50 µl/well) for 30 minutes, followed by the addition 
of 50 µl/well of BAPTA-AM or DMSO vehicle at appropriate concentrations for another 
30 minutes. After washing the cells with ECS, a combination of BAPTA-AM (10-200 




and experimental runs were started 15 minutes later. The duration of calcium chelation 
experiments was also longer (15 minutes) to match corresponding ATP release assays. 
In all cases, vehicles used represented the solvent content of experimental compound 
solutions at the highest concentration tested in that experiment, as specified in result 
figure captions. 
3.2.6 MEASUREMENT OF ATP RELEASE 
ATP release from OB cells was detected using the method for measuring extracellular 
ATP concentrations ([ATP]o) described in section 2.6. In the TRPV4 blocker 
experiments, the cells were treated with HC067047 (10 µM) or 0.2% (v/v) DMSO vehicle 
for 15 minutes before adding the TRPV4 agonist GSK1016790A (100 nM). Initial calcium 
chelation experiments involved pre-treatment of the cells with BAPTA-AM (100 µM) or 
0.33% (v/v) DMSO vehicle for 15 minutes before adding EGTA (final concentration of 1 
mM, pH 7.4) for another 15 minutes, followed by the 15-minute treatment with 
GSK1016790A (100 nM). Experiments testing the effects of inhibitors of different ATP 
release mechanisms involved pre-treatment of the cells for 30 minutes, in the case of 
bafilomycin A1, brilliant blue G, carbenoxolone, clodronate, and N-ethylmaleimide, or 
1 hour, in the case of flufenamic acid and probenecid. All blockers and Ca2+ chelators 
remained in contact with the cells during the agonist treatment. Direct effects of the 
BAPTA-AM (100 µM) and EGTA (1 mM, pH 7.4) combination on [ATP]o, without the 
subsequent agonist stimulation, were tested after a 45- and 30- minute treatment, 
respectively, in order to reproduce the overall treatment times from previous calcium 
chelation experiments. Unlike in the previous experiments, the media samples from the 
wells treated with BAPTA-AM and EGTA, or from the corresponding vehicle-treated 
wells in the same 4-well plate, were additionally filtered using centrifuge tube filters 
(pore size of 0.22 μm; Sigma) before adding the assay reagent to remove any cells that 
may have detached. No difference was observed in ATP concentrations from samples 
filtered by fast pulse (20-30 seconds at approximately 6000 rpm) compared to slower 
spinning at 1000 rpm for 6 minutes. Therefore, all filtered samples were included in the 




3.2.7 MEASUREMENT OF GLUTAMATE RELEASE 
Undifferentiated 17IA4 cells were seeded into clear 4-well plates and grown in the 
differentiating medium to confluence. On the day of experiment, culture medium in the 
wells was carefully replaced with pre-warmed solutions of GSK1016790A (1 µM) or 
vehicle (0.1% (v/v) DMSO) in ECS. Fifteen minutes later, 50-microlitre samples were 
taken from each well and transferred into a white 96-well plate. Glutamate-Glo™ 
(Promega) assay was used according to the manufacturer’s protocol to measure 
extracellular glutamate concentration. This involved the addition of equal volumes (50 
µl) of glutamate detection reagent into the wells containing the samples, the same 
volume of glutamate standards, or ECS only (negative control). The plate was shaken 
for 30 seconds and incubated at room temperature away from light for 35-60 minutes, 
followed by luminescence detection using FLUOstar Omega microplate reader (BMG 
Labtech). Glutamate standards (10 nM, 100 nM, 1 µM, and 10 µM) were freshly prepared 
in ECS, and assayed in duplicate in order to generate a standard curve for each 96-well 
plate. Luminescence values from the negative control wells represented background 
luminescence and were subtracted from both experimental and glutamate standard 
results. Mean value of relative luminescence units (RLUs) per 1 nM glutamate was then 
calculated and used for conversion of RLUs to extracellular glutamate concentration. 
An average of measurements from two samples collected from two separate wells of a 
4-well plate was considered an n of 1. Comparisons were made with vehicle-treated 
wells from the same 4-well plate. Data are from three independent experiments from 
different cell passages. 
3.2.8 STATISTICS 
Differences in alkaline phosphatase activity in 17IA4 cells exposed to the differentiating 
medium for 1-14 days compared with undifferentiated control cells were analysed using 
a one-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test. 
Two-way ANOVA with Bonferroni’s multiple comparisons test were used to analyse 
the differences in mean [ATP]o from experiments comparing the effects of: 1) two 
different GSK1016790A concentrations (100 nM and 1 µM) to their respective vehicles; 




experiments in either complete OB culture medium or ECS; or 3) different ATP release 
blockers to their respective vehicles on 100 nM GSK1016790A-induced responses. 
Unpaired Student's t-test was used to analyse the differences in mean extracellular 
glutamate concentrations in response to GSK1016790A (1 µM) or vehicle treatment, as 
well as mean [ATP]o from experiments comparing the effects of: 1) a single 
concentration of KCl or AITC to their respective vehicles; 2) TRPV4 antagonist 
HC067047 or Ca2+ chelators BAPTA-AM and EGTA to their respective vehicles on the 
responses induced by 100 nM GSK1016790A; 3) direct effects of BAPTA-AM and EGTA 
combination to the corresponding vehicle; or 4) calcium-free to calcium-containing ECS 
on 100 nM GSK1016790A-induced responses. EC50 and IC50 values for the agonist and 
antagonist of TRPV4 response were estimated using GraphPad Prism 7 software, after 
fitting sigmoidal concentration-response curves. A three-parameter model, which 
assumes a standard slope (Hill slope = 1.0 for the agonist or -1.0 for the antagonist) was 
used. 
3.3 Results 
3.3.1 DIFFERENTIATED 17IA4 CELLS DISPLAY ODONTOBLAST-LIKE 
CHARACTERISTICS 
First, RNA samples from 17IA4 cells cultured in either differentiating or non-
differentiating medium for 1-7 days were studied by reverse transcription polymerase 
chain reaction (RT-PCR) and subsequent separation of amplified DNA products by 
agarose gel electrophoresis. Primers selective for the genes that encode enzymes, 
extracellular matrix components, and transcription factors found in odontoblasts, such 
as Alpl, Col1a1, Cbfa1, Spp1, Sp7, Lhx6, and Lhx8 produced similar intensity bands from 
all of the samples tested (see Figure 3.2). By contrast, increasing band intensities were 
observed when using primers selective for Bglap, Dlx3, Dmp1, and Ibsp genes. In 
particular, the greatest band intensities for Bglap, Dlx3, and Ibsp corresponded to the 
longest 17IA4 cell exposure to the differentiating medium, whereas band intensities for 
Dmp1 seemed to increase with time in culture, in both non-differentiating and 




control, were detected in all of the samples, the observed differences are unlikely to 
arise from unequal amounts of total cDNA in different RT-PCR products. 
 
Figure 3.2 Cultured 17IA4 cells express multiple genes typical for odontoblasts 
Reverse transcription polymerase chain reaction (RT-PCR) analysis of odontogenic gene 
expression in mouse dental pulp 17IA4 cells grown in either non-differentiating (17IA4) or 
differentiating (OB) medium for 1, 3, or 7 days, as indicated above the gels. Inverted colour 
images of 2% agarose gels are presented in the figure. M – Quick-Load® 100 bp DNA ladder 




To further explore the changes in some of the main odontoblast marker gene expression 
during 17IA4 cell differentiation, the same samples were tested by quantitative PCR 
(qPCR) using different primer pairs (Table 3.5). Based on low and relatively consistent 
raw cycle threshold (Ct) values among all of the samples tested, 18S rRNA was found to 
be a suitable reference gene, not affected by 17IA4 cell differentiation (see Table 3.6). 
Among the four odontoblast marker genes tested, Col1a1 was the most highly 
expressed, with mean raw Ct values ranging from 16.84 to 18.50. When Col1a1 
expression data from 17IA4 cells exposed to the differentiating medium was normalised 
to 18S rRNA, a 1.8 ± 0.6-fold increase in Col1a1 expression was detected after 7 days in 
the differentiating medium, compared to the samples from the cells grown in the non-
differentiating medium for the same number of days (Figure 3.3). Alkaline phosphatase 
(ALP) and bone sialoprotein 2 (BSP2) gene expression levels were already increased 
after 1 day in the differentiating medium, with a considerable 20.5 ± 4.5- and 218.5 ± 
45.3-fold respective increase after 7 days in the differentiating medium. By contrast, 
dentine matrix protein 1 (DMP1) gene expression levels were on average 1.4 to 5.9 times 
lower in the cells exposed to the differentating medium, compared with those exposed 
to the non-differentiating medium. However, similarly to the pattern seen in Figure 3.2, 
based on raw Ct values, an overall increase in DMP1 gene expression levels was 
observed in 7-day samples, compared to 1-day and 3-day samples.  
It should be noted that RT-PCR and qPCR analyses for another odontoblast marker gene 
Dspp, which encodes dentine sialophosphoprotein, are not reported due to issues with 
the initial primer pairs tested. This is likely related to the long length of the designed 
primers (22-27 nt), which was supposed to ensure the primer specificity for this gene. 
However, a different primer pair (listed in Table 2.2), identified from multiple sources 
in the literature, was included in a later RT-PCR analysis. A faint band produced by 
these Dspp primers from the 17IA4 (7 days in the differentiating medium) sample can 




Table 3.6 Raw cycle threshold (Ct) values for 17A4 cell samples tested by qPCR 
Mean Ct values ± standard errors of the mean (SEM; 2-3 technical replicates) for 17IA4 cells 
grown in either non-differentiating or differentiating (supplemented) medium for 1, 3, or 7 days, 
as quantified by quantitative PCR (qPCR). 18S rRNA, 18S ribosomal RNA used as a reference 
gene; ALP, alkaline phosphatase; BSP2, bone sialoprotein 2/integrin-binding sialoprotein; 
COL1α1, collagen, type I, alpha 1; DMP1, dentine matrix protein 1. 
 
Figure 3.3 Relative quantification of odontoblast marker gene expression changes 
during 17IA4 cell differentiation 
Quantitative PCR analysis of odontoblast marker gene expression in 17IA4 cells exposed to the 
differentiating medium for 1, 3, or 7 days, normalised using 18S rRNA as a reference gene, and 
expressed relative to 17IA4 cells grown in the non-differentiating medium for the same amount 
of time. Data are reported as mean ± SEM from 2-3 technical replicates. Note that y axis is on a 
log2 scale. ALP, alkaline phosphatase; BSP2, bone sialoprotein 2/integrin-binding sialoprotein; 































1 day 3 days 7 days 1 day 3 days 7 days 
18S rRNA 7.43 ± 0.02 6.76 ± 0.06 7.91 ± 0.11 7.07 ± 0.04 7.83 ± 0.03 7.13 ± 0.05 
ALP 26.32 ± 0.07 24.22 ± 0.04 25.27 ± 0.09 24.15 ± 0.08 23.02 ± 0.02 20.20 ± 0.08 
BSP2 31.60 ± 0.26 28.76 ± 0.07 27.43 ± 0.06 29.49 ± 0.11 25.69 ± 0.39 18.40 ± 0.03 
DMP1 30.75 ± 0.10 30.40 ± 0.11 24.51 ± 0.02 32.51 ± 0.04 32.27 ± 0.45 26.56 ± 0.07 




An ALP enzyme activity assay was then performed to test if the observed changes in 
odontoblast marker gene expression correspond to altered 17IA4 cell mineralising 
ability. Indeed, a gradual increase in ALP activity was detected (Figure 3.4), with levels 
significantly higher after 7 and 14 (out of 14) days in the differentiating medium, 
compared with 14 days in the non-differentiating medium (p = 0.010 and 0.001, 
respectively). 
 
Figure 3.4 Differentiation of 17IA4 cells increases alkaline phosphatase enzyme 
activity 
Optical density corresponding to the amount of alkaline phosphatase reaction product, 
measured at 560 nm from 17IA4 cells grown in either non-differentiating culture medium for 
14 days (0 days in differentiating medium) or for 1, 7, or 14 (out of 14) days in differentiating 
medium. Data are presented as mean absorbance values per well ± SEM. *p < 0.05; ***p < 0.005 
vs. 0 days in differentiating medium (one-way ANOVA with Dunnett’s post hoc test; n = 8 
quadruplicate measurements from 3 independent experiments). 
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The formation of mineralised nodules by cultured 17IA4 cells was also tested by staining 
with alizarin red S (ARS) dye. Due to its ability to interact with calcium ions, ARS is 
widely used to detect various calcium-rich deposits in cell culture. As an example, ARS 
reacts with Ca2+ in hydroxyapatite crystals, which are known to be present in the 
dentine matrix, by both chelation and salt formation (Moriguchi et al., 2003). An 
increase from 0.42% to 99.85% in the ARS-stained area was observed in the cell-
containing wells exposed to the differentiating medium for 1 and 14 days (Figure 3.5). 
By contrast, only some background staining could be seen in the wells exposed to the 
non-differentiating medium, with a maximum ARS-stained area of 3.03% at 7 days. 
Collectively, these results provided sufficient evidence for the odontoblast-like 
phenotype of differentiated 17IA4 cells (further referred to as OB cells), supporting their 
use in further studies. 
  
 
Figure 3.5 Differentiated 17IA4 cells display enhanced mineralisation 
A) Alizarin red S staining of calcium minerals deposited by 17IA4 cells grown in either 
differentiating or non-differentiating medium for 1-14 days. B) Quantification of the percentage 

















3.3.2 CHARACTERISATION OF TRANSIENT RECEPTOR POTENTIAL ION CHANNEL 
FUNCTIONAL EXPRESSION IN MOUSE ODONTOBLAST-LIKE CELLS 
Given the proposed roles of TRP channels in sensing external stimuli by odontoblasts, 
the expression of multiple TRP channels in OB cells was examined. Separation of RT-
PCR products by agarose gel electrophoresis produced bands for Trpv4 and Trpm7 at 
predicted sizes (see Figure 3.6). A faint band was also produced for Trpv1, but not Trpa1, 
Trpm8, or Trpc5, from the OB sample. Since TRPA1, TRPC5, TRPM8, and TRPV1 
channels are known to be expressed in mouse trigeminal ganglia (TG; Manteniotis et al. 
(2013); Vandewauw et al. (2013)), mouse TG tissue was used as a positive control for 
testing the corresponding primer pairs. Intense bands for all these targets were 
produced from TG tissue at predicted sizes. While two bands were produced for Trpm8, 
suggesting some primer non-specificity, both were completely absent from the OB 
sample.  
 
Figure 3.6 Gene expression of DSPP and TRP ion channels in OB cells 
Gel electrophoresis of RT-PCR products from odontoblast-like (OB) cell samples produced 
bands for Trpv1, Dspp, Trpv4, and Trpm7, but not for Trpm8, Trpa1, or Trpc5. The same primers 
for Trpa1, Trpc5, Trpv1, and Trpm8 produced intense bands from mouse trigeminal ganglion 
(TG) tissue sample, used as a positive control. Inverted colour images are presented in the figure. 




A microplate-based calcium flux assay was then used to determine whether some of the 
main TRP channels reported by others to be expressed in odontoblasts, namely TRPA1, 
TRPM8, TRPV1, and TRPV4, are functional in mouse OB cells. The effects of different 
formulations of cell culture medium were also tested. This was done by comparing the 
concentration-response curves for TRP channel agonists between OB cells (grown in 
the differentiating αMEM-based medium) and undifferentiated 17IA4 cells (grown in 
either non-differentiating αMEM-based or DMEM/F-12-based culture medium). 
The TRPA1 agonists allyl isothiocyanate (AITC) and cinnamaldehyde caused an 
increase in Fura-2AM emission intensity ratio (F340/F380) above baseline (Figure 3.7A-B), 
indicating increased intracellular Ca2+ concentrations ([Ca2+]i). However, this was only 
seen at concentrations of 100 µM or higher. Similar increases in F340/F380 were observed 
in the cells grown in all three types of media (see Figure 3.7C-D). By contrast, a TRPM8 
agonist icilin, tested at concentrations up to 80 times higher than the reported EC50 
(Andersson et al., 2004), did not induce any changes in F340/F380 (see Figure 3.8). Similarly 
to the TRPA1 activators, a TRPV1 agonist capsaicin only induced changes in F340/F380 
above baseline at the highest concentrations tested (5 and 10 µM; Figure 3.9). The 
greatest ratio increase in response to 10 µM capsaicin application, detected in the cells 





Figure 3.7 High concentrations of TRPA1 agonists increase [Ca2+]i in OB cells 
A-B) Average traces of differentiated (odontoblast-like) cell responses to allyl isothiocyanate 
(AITC; 20-500 µM), cinnamaldehyde (20-500 µM), or 0.5-0.65% (v/v) DMSO used as a vehicle 
control. Fura-2AM fluorescence ratios (340 nm/380 nm) were recorded for 3 minutes, with test 
compound or vehicle addition at 20 seconds. Error bars and traces for the lowest concentrations 
tested (5 and 10 µM) have been omitted for clarity. C-D) Irrespective of the culture medium and 
differentiation status of 17IA4 cells, both AITC and cinnamaldehyde increased intracellular Ca2+ 
concentration, but only when used at concentrations of 100 µM or higher. Data are presented 
as mean maximal Fura-2AM ratio changes from baseline ± SEM (n = 3-4 triplicate measurements 
from 3-4 independent experiments).  










































































Figure 3.8 TRPM8 agonist does not affect [Ca2+]i in OB cells 
A) Average traces of differentiated (odontoblast-like) cell responses to the TRPM8 agonist icilin 
or 0.1% (v/v) DMSO used as a vehicle control. Fura-2AM fluorescence ratios (340 nm/380 nm) 
were recorded for 3 minutes, with icilin or vehicle addition at 20 seconds. Error bars and traces 
for the lowest concentrations tested (100 and 200 nM) have been omitted for clarity. B) Icilin did 
not affect [Ca2+]i at the concentrations tested (0.1-10 µM), irrespective of the culture medium 
and differentiation status of 17IA4 cells. Data are presented as mean maximal Fura-2AM ratio 
































Figure 3.9 High concentrations of TRPV1 agonist capsaicin increase [Ca2+]i in OBs  
A) Average traces of differentiated (odontoblast-like) cell responses to the TRPV1 agonist 
capsaicin (0.5-10 µM) or 0.1% (v/v) DMSO used as a vehicle control. Fura-2AM fluorescence 
ratios (340 nm/380 nm) were recorded for 3 minutes, with capsaicin or vehicle addition at 20 
seconds. Error bars and traces for the lowest concentrations tested have been omitted for clarity. 
B) Irrespective of the culture medium and differentiation status of 17IA4 cells, capsaicin 
increased [Ca2+]i, but only when used at concentrations of 5 and 10 µM. Data are presented as 
mean maximal Fura-2AM ratio changes from baseline ± SEM (n = 3 triplicate measurements 






























Finally, a TRPV4 agonist GSK1016790A caused a concentration-dependent increase in 
[Ca2+]i, with estimated EC50 values of 107 ± 59 nM, 69 ± 56 nM, and 265 ± 98 nM for the 
cells grown in the differentiating, non-differentiating αMEM-based, and DMEM/F12-
based culture medium, respectively (see Figure 3.10A-B). The mean maximum Fura-2AM 
fluorescence ratio changes in response to 1 µM GSK1016790A were 0.84 ± 0.18, 0.76 ± 
0.18, and 0.46 ± 0.05, respectively. Based on the greatest EC50 and the smallest amplitude 
of responses to GSK1016790A, DMEM/F12-based culture medium appears to provide 
suboptimal conditions for 17IA4 cell function. Therefore, only αMEM-based medium 
was used to culture the cells for further studies. The differentiation process did not seem 
to affect 17IA4 cell responses to the TRPV4 agonist. However, to ensure the results are 
most applicable to odontoblasts, only OB cells, which were exposed to the 
differentiating medium prior to experiments, were subsequently studied. 
In order to confirm that the observed OB cell responses to GSK1016790A were 
exclusively due to TRPV4 activation, in a separate experiment, the cells were pre-treated 
with a selective TRPV4 inhibitor HC067047 before the application of GSK1016790A (200 
nM). HC067047 blocked the GSK1016790A-induced increase in [Ca2+]i in a 
concentration-dependent manner (see Figure 3.10C), with mean maximum F340/F380 ratio 
changes of 1.24 ± 0.07 and 0.05 ± 0.01 in the cells pre-treated with vehicle and 10 µM 
HC067047, respectively. The IC50 value for HC067047 was estimated to be 819 ± 62 nM. 
Overall, these results demonstrate the presence of functional TRPV4 channels in OB 







Figure 3.10 TRPV4 activation on OB cells causes a concentration-dependent increase 
in [Ca2+]i 
A) Average traces of differentiated (odontoblast-like) cell responses to the TRPV4 agonist 
GSK1016790A (10 nM-1 µM) or 0.1% (v/v) DMSO used as a vehicle control. Fura-2AM 
fluorescence ratios (340 nm/380 nm) were recorded for 3 minutes, with GSK1016790A or vehicle 
addition at 20 seconds. Error bars and traces of cells exposed to 20 nM and 500 nM GSK1016790A 
have been omitted for clarity. B) GSK1016790A caused a concentration-dependent increase in 
intracellular Ca2+ concentration, irrespective of the differentiation status of 17IA4 cells. The 
amplitude of responses was lowest in undifferentiated 17IA4 cells grown in DMEM/F-12-based 
culture medium. Data are presented as mean maximal Fura-2AM ratio changes from baseline ± 
SEM (n = 4 triplicate measurements from 4 independent experiments). C) Concentration-
response relationship of the TRPV4 antagonist HC067047 pre-treatment on the intracellular 
Ca2+ increase caused by GSK1016790A (200 nM) application (mean ± SEM; n = 4-8 triplicate 
measurements from 3 independent experiments). Cells were pre-treated with HC067047 (50 nM-
10 µM) or its vehicle (0.2% (v/v) DMSO; ‘0’ point on the x axis) for 15 minutes before the start 
of fluorescence recordings. Antagonist remained in contact with the cells throughout 































3.3.3 INVESTIGATING THE POTENTIAL MODULATION OF TRPV4 ACTIVITY BY 
BACTERIAL WALL COMPONENTS AND HOST INFLAMMATORY MEDIATORS 
Previous studies have demonstrated the expression of Toll-like receptors 2 and 4 (TLR2 
and TLR4) in odontoblasts (Durand et al., 2006; Veerayutthwilai et al., 2007). OB cells 
were also found to express the genes for both TLR4 and TLR2 (see Figure 3.11).  
  
Figure 3.11 OB cells express Toll-like receptors 2 and 4 
Gel electrophoresis of RT-PCR products from odontoblast-like (OB) cell samples produced 
bands for both Tlr4 and Tlr2. A Tlr4 band was also produced from pre-odontoblastic 17IA4 cell 
sample. Inverted colour image of the gel is presented in the figure. First lane contains Quick-
Load® 100 bp DNA ladder (New England Biolabs). 
Bacterial wall components that are known to activate these receptors, namely 
lipopolysaccharide (LPS; Gram-negative bacteria) and lipoteichoic acid (LTA; Gram-
positive bacteria), were then tested for their ability to sensitise TRPV4 activity in OB 
cells. However, as seen in Figure 3.12A-B, a 1- or 24-hour cell pre-treatment with either 
LPS or LTA did not affect the increase in Fura-2AM emission ratio that was induced by 
a submaximal concentration of GSK1016790A (50 nM). 
In addition, a short-term pre-treatment with an inflammatory mediator tumour necrosis 
factor alpha (TNFα) has been reported to sensitise TRPV4 channels on human 
odontoblast-like cells (El Karim et al., 2015). However, pre-exposure of mouse OB cells 
to murine TNFα for 10 minutes or 1 hour failed to potentiate the TRPV4-dependent 





Figure 3.12 Bacterial wall components and inflammatory mediator TNFα fail to 
sensitise TRPV4 channels on OB cells 
Concentration-response relationships for the modulating effects of OB cell pre-treatment with 
A) lipopolysaccharides (LPS) or B) lipoteichoic acid (LTA) for 1 hour or 24 hours, or C) 10-
minute/1-hour pre-treatment with tumour necrosis factor alpha (TNFα) on 50 nM 
GSK1016790A-induced calcium flux. Point ‘0’ on the x axis represents identical pre-treatment 
with a corresponding vehicle. Lowest concentrations of LPS (0.1 and 1 ng/ml) and LTA (0.1, 1, 
and 10 ng/ml) tested in the 24-hour pre-treatment experiments have been omitted for clarity. 
Data are mean maximal Fura-2AM ratio changes from baseline ± SEM (n = 3-5 triplicate 





































These results suggest that TRPV4 channels in OB cells are not sensitised by bacterial 
wall components and inflammatory host mediators, at least in the case of molecules and 
conditions tested. Other aspects of the potential contribution of TRPV4 channels to the 
sensory role of odontoblasts were explored next. 
3.3.4 OB CELLS RELEASE ATP IN RESPONSE TO TRPV4 CHANNEL ACTIVATION 
To examine if mouse OB cells, similarly to human odontoblast-like cells (Egbuniwe et 
al., 2014), release ATP in response to TRPV4 activation, extracellular ATP 
concentrations ([ATP]o) were measured in the culture medium of OB cells exposed to 
the TRPV4 agonist GSK1016790A (100 nM and 1 µM). These concentrations 
approximately correspond to the EC50 and EC90 values previously identified in the 
calcium flux experiments (section 3.3.2, Figure 3.10). GSK1016790A caused a significant 
concentration-dependent increase in [ATP]o by 19.37 ± 4.97 nM (100 nM GSK1016790A) 
and 29.53 ± 5.39 nM (1 µM GSK1016790A) above respective vehicle control levels (p = 
0.004 and p < 0.001, respectively; Figure 3.13A). 
In a separate experiment, to confirm the involvement of TRPV4 in GSK1016790A-
induced ATP release, OB cells were pre-treated with the selective TRPV4 antagonist 
HC067047 (10 µM), and the increase in [ATP]o induced by 100 nM GSK1016790A was 
measured (see Figure 3.13B). Mean [ATP]o from the cells pre-treated with HC067047 
(9.33 ± 0.65 nM) was significantly lower than from vehicle-pre-treated cells (56.62 ± 





Figure 3.13 Selective TRPV4 activation stimulates ATP release from OB cells 
A) OB cell treatment with the TRPV4 agonist GSK1016790A (0.1 and 1 µM) for 15 minutes 
caused a significant increase in extracellular ATP concentration, when compared with the 
respective DMSO vehicle (0.1% (v/v)). Data are presented as mean extracellular ATP 
concentration ± SEM. **p < 0.01; ***p < 0.005 (two-way ANOVA with Bonferroni’s post hoc test; 
n = 5 groups of paired duplicate measurements from 5 independent experiments). B) Pre-
treatment of OB cells with the TRPV4 antagonist HC067047 (10 µM) for 15 minutes significantly 
inhibited the increase in extracellular ATP concentration induced by 100 nM GSK1016790A 
(mean ± SEM). **p < 0.01 (unpaired t-test; n = 5 groups of paired duplicate measurements from 


























In contrast, the TRPA1 agonist AITC failed to affect [ATP]o (see Figure 3.14A) when 
used at the same concentration that increased [Ca2+]i in OB cells (Figure 3.7C) and that 
has been previously demonstrated to induce ATP release from human odontoblast-like 
cells (500 µM; Egbuniwe et al. (2014)). However, the lack of response is consistent with 
the absence of TRPA1 gene expression in OB cells (Figure 3.6). 
Given the evidence of excitability of odontoblasts in the literature (Allard et al., 2006; 
Byers & Westenbroek, 2011; Kojima et al., 2015; Kojima et al., 2017) the effect of a 
depolarising agent potassium chloride (KCl) on ATP release from OB cells was also 
examined (see Figure 3.14B). Detected [ATP]o was not significantly different between 
the cells exposed to high extracellular KCl (30 mM) and vehicle control (7.94 ± 1.43 nM 
and 10.17 ± 1.60 nM, respectively). 
 
Figure 3.14 TRPA1 agonist AITC and depolarising agent potassium chloride fail to 
induce ATP release from OB cells 
OB cell treatment with a high concentration of A) TRPA1 agonist AITC (500 µM) or B) 
potassium chloride (KCl; 30 mM) for 15 minutes did not increase extracellular ATP 
concentrations compared to vehicle-treated cells. Both experiments were performed in complete 
OB culture medium. Data are presented as mean ± SEM (n = 5 (AITC) or 8 (KCl) groups of paired 




















In the next set of experiments, the measurement of ATP release in response to the 
TRPV4 agonist GSK1016790A (100 nM) was repeated in a standard extracellular solution 
(ECS) that enables easier control over the composition of OB cell extracellular 
environment, as well as in the complete OB culture medium used in the previous 
experiments. As can be seen in Figure 3.15A, ATP release in OB medium was consistent 
with the previous data (Figure 3.13A). On the other hand, baseline [ATP]o in ECS was 
low (2.26 ± 0.62 nM) and not significantly increased in GSK1016790A-treated cells (5.32 
± 1.15 nM). When the composition of ECS was altered to minimise extracellular Ca2+ 
concentration (described in section 2.1), [ATP]o after OB treatment with GSK1016790A 
(100 nM) was found to be slightly but statistically significantly higher (7.95 ± 1.45 nM) 
than in Ca2+-containing ECS (3.77 ± 0.83 nM; p = 0.031; see Figure 3.15B). 
 















A) A significant increase in extracellular ATP concentration in response to a 15-minute 
treatment with GSK1016790A (100 nM) was observed when experiments were performed in 
complete OB culture medium, but not when in standard extracellular solution (ECS). Data are 
presented as mean ± SEM. *p < 0.05; ns = not statistically significant, p > 0.05 vs. respective 
vehicle (two-way ANOVA with Bonferroni’s post hoc test; n = 3 (OB) or 5 (ECS) groups of paired 
duplicate measurements from 2-3 independent experiments). B) Cells exposed to GSK1016790A 
(100 nM) in ECS lacking Ca2+ display higher extracellular ATP concentrations compared with 
the same treatment in standard ECS that contains Ca2+ (mean ± SEM). *p < 0.05 (unpaired t-test; 
n = 6 groups of paired duplicate measurements from 4 independent experiments). 
In order to determine whether TRPV4-dependent fluctuations in [Ca2+]i are necessary 
for the GSK1016790A-induced ATP release from OB cells, attempts were made to create 
low Ca2+ conditions using the complete OB culture medium. A combination of EGTA 
and BAPTA-AM was used to chelate free Ca2+ both extracellularly and intracellularly 
to minimise any [Ca2+]i fluctuations in response to GSK1016790A. In the microplate-
based calcium flux assay, BAPTA-AM (200 µM), when used together with EGTA (1 mM), 
decreased the mean maximum change in Fura-2AM fluorescence intensity ratio by 91% 
(see Figure 3.16A). For subsequent ATP release experiments, a combination of 100 µM 
BAPTA-AM and 1 mM EGTA was chosen, as it was expected to sufficiently prevent the 
changes in [Ca2+]i induced by a lower concentration of GSK1016790A (100 nM rather 
than 200 nM in the calcium flux experiment), while maintaining a lower solvent (DMSO) 
concentration. However, as seen in Figure 3.16B, pre-treatment of OB cells with this 
combination prior to the application of GSK1016790A did not significantly affect [ATP]o 
compared to the cells pre-treated with a vehicle (40.15 ± 6.39 nM and 32.54 ± 4.90 nM, 
respectively). 
Given the previous observation that low extracellular Ca2+ can increase ATP release 
from OB cells in ECS (Figure 3.15B), the effect of BAPTA-AM and EGTA on [ATP]o was 
examined in the OB culture medium, without any stimulation with GSK1016790A. To 
eliminate the possibility that ATP concentration in the media samples is increased by 
the presence of detached cells, an additional filtration step was also included (described 
in section 3.2.6). As shown in Figure 3.16B, [ATP]o increased after the treatment with 
BAPTA-AM and EGTA (34.47 ± 1.35 nM), compared with the vehicle control levels 
(15.16 ± 0.81 nM; p < 0.001) and was in a similar range to the cells exposed to 
GSK1016790A, suggesting that ATP release induced by Ca2+ chelators themselves could 





Figure 3.16 Ca2+ chelators prevent the TRPV4-dependent increase in [Ca2+]i, but not 
ATP release from OB cells 
A) Pre-treatment of OB cells with a combination of BAPTA-AM (10-200 µM) and EGTA (1 mM, 
pH 7.4) inhibited the increase in intracellular Ca2+ concentration caused by GSK1016790A (200 
nM). Point ‘0’ on the x axis represents the pre-treatment with a DMSO vehicle (0.67% (v/v)). 
Ca2+ chelators remained in contact with the cells throughout experimental runs. Data are 
reported as mean ± SEM (n = 4 triplicate measurements from 2 independent experiments). B) 
Identical pre-treatment of OB cells with BAPTA-AM (100 µM) and EGTA (1 mM, pH 7.4) did 
not affect the increase in extracellular ATP concentration induced by 100 nM GSK1016790A, 
compared to 0.33% (v/v) DMSO vehicle (mean ± SEM; n = 4 groups of paired duplicate 
measurements from 3 independent experiments; red columns), but increased extracellular ATP 
concentration above control levels, without the application of GSK1016790A (***p < 0.005 
(unpaired t-test n = 6 groups of paired duplicate measurements from 3 independent 
experiments; blue columns). 
Overall, these results provided evidence for the release of ATP from OB cells in response 
to the selective TRPV4 channel activation. However, a direct link between TRPV4-



















3.3.5 INVESTIGATING THE MECHANISMS OF TRPV4-DEPENDENT ATP RELEASE 
FROM OB CELLS 
Connexin hemichannels and pannexin pore-forming channels have been considered as 
a means for ATP release from thermally and mechanically stimulated odontoblasts (Liu 
et al., 2015; Shibukawa et al., 2015). RT-PCR reactions with primers selective for the 
genes that encode connexin 43, also known as gap junction protein, alpha 1 (Gja1), and 
pannexins 1 and 3 (Panx1 and Panx3) produced bands from OB cell cDNA (Figure 3.17).  
 
Figure 3.17 OB cells express connexin-43 and pannexins 1 and 3 
Gel electrophoresis of RT-PCR products from OB samples produced bands for Gja1, Panx1, and 
Panx3. Inverted colour image of the gel is presented in the figure. First lane contains a 100 bp 





The involvement of these channels in the release of ATP induced by the activation of 
TRPV4 in OB cells was then investigated. Three non-selective inhibitors were tested, 
namely carbenoxolone, flufenamic acid, and probenecid. The concentration of 
probenecid used (500 µM) was 1.4-3.3 times higher than the reported IC50 values for 
blocking pannexin 1, whereas connexin hemichannels should not be affected by 
probenecid (Silverman et al., 2008; Ma et al., 2009). By comparison, flufenamic acid is 
widely used to block multiple connexin hemichannels and gap junction channels (Harks 
et al., 2001; Eskandari et al., 2002; Srinivas & Spray, 2003), but only moderately affects 
the pannexin 1 activity at the concentration used (100 µM; Bruzzone et al. (2005)). 
Carbenoxolone, while being the most potent out of the three compounds at blocking 
pannexin 1 channels (reported IC50 = 4-5 µM) was also expected to effectively inhibit 
connexin hemichannels at 100 µM (Bruzzone et al., 2005; Ma et al., 2009). However, pre-
treatment of OB cells with any of these compounds did not significantly affect the 
changes in [ATP]o induced by 100 nM GSK1016790A, compared to the corresponding 
vehicle control levels (see Figure 3.18).  
Odontoblasts also express P2X7 receptors (Lee et al., 2017; Shiozaki et al., 2017), which 
have been demonstrated to mediate ATP release from other types of cells, such as 
osteoclasts and osteoblasts (Brandao-Burch et al., 2012). The involvement of P2X7 was 
then tested as an alternative mechanism for ATP release from OB cells. However, the 
P2X7 antagonist brilliant blue G also did not significantly affect the GSK1016790A-
induced ATP release. 
Since ATP release from odontoblasts by the process of vesicular exocytosis has also 
been proposed (Ikeda et al., 2016), three vesicular exocytosis inhibitors, each acting 
through a different mechanism, were also tested on OB cells in the ATP release assay. 
Clodronate, an inhibitor of vesicular nucleotide transporter (VNUT), and bafilomycin 
A1, which inhibits vacuolar H+ ATPase (V-ATPase), both failed to significantly prevent 
the changes in [ATP]o in response to the cell treatment with GSK1016790A. In contrast, 
N-ethylmaleimide, known to inhibit vesicular fusion (Diaz et al., 1989), significantly 
reduced [ATP]o resulting from 100 nM GSK1016790A application, compared with 
vehicle control (52.39 ± 12.59 nM and 5.34 ± 1.84 nM, respectively; p < 0.001, two-way 





Figure 3.18 Pharmacological investigation of the TRPV4-dependent ATP release 
mechanism from OB cells 
Pre-treatment of OB cells with the inhibitors of vesicular transport, pannexin and connexin 
channels, or P2X7 receptors did not affect the increase in extracellular ATP concentration 
induced by GSK1016790A (100 nM). The only exception was N-ethylmaleimide, which 
significantly reduced ATP release, compared with the respective vehicle. Data are expressed as 
mean ± SEM. ***p < 0.005; ns = not statistically significant, p > 0.05 (two-way ANOVA with 
Bonferroni’s post hoc test; n = 4-7 groups of paired duplicate measurements from 2-3 









3.3.6 PRELIMINARY EVIDENCE FOR TRPV4-DEPENDENT GLUTAMATE RELEASE 
FROM OB CELLS 
In addition to ATP, glutamate has been proposed as an alternative mediator of 
intercellular signalling between odontoblasts and neurons (Cho et al., 2016; Nishiyama 
et al., 2016). In a preliminary experiment, glutamate release from OB cells in response 
to TRPV4 activation was tested. A significant increase in extracellular glutamate 
concentration from 0.28 ± 0.10 µM in vehicle-treated cells to 3.39 ± 1.28 µM in 1 µM 
GSK1016790A-treated cells was detected (p = 0.036). In the first two experiments, a 
comparable increase in extracellular glutamate was also detected using a different 
glutamate detection assay (Abcam, ab83389). However, in a subsequent experiment this 
assay failed to detect glutamate even in positive control solutions. Therefore, only the 
results obtained using Glutamate-Glo™ (Promega) assay are shown below. 
 
Figure 3.19 TRPV4 activation induces glutamate release from OB cells 
OB cell treatment with the TRPV4 agonist GSK1016790A (1 µM) for 15 minutes caused a 
significant increase in extracellular glutamate concentration, when compared with the 
corresponding DMSO vehicle (0.1% (v/v)). Data are reported as mean ± SEM. *p < 0.05 (unpaired 



















3.4.1 ODONTOBLAST-LIKE PHENOTYPE OF DIFFERENTIATED 17IA4 CELLS  
Odontoblasts are specialised cells, responsible for dentine formation (Ruch et al., 1995). 
Therefore, expression of the genes that encode dentine matrix proteins, enzymes, and 
transcription factors involved in mineralisation is commonly used to confirm 
odontoblastic phenotype. The dissociation of tooth germs at the mouse embryonic stage 
when no mature odontoblasts are present (ED18) enabled Priam and colleagues (2005) 
to isolate odontoblast precursor cells, which were named 17IA4. Although the 
originators have already confirmed the pre-odontoblastic phenotype of 17IA4 cells, 
initial checks were performed in our study to ensure the phenotype is as expected, and 
that odontoblastic differentiation could be induced. Gene expression of LHX6 and 8, key 
transcription factors in odontogenesis (Grigoriou et al., 1998; Zhou et al., 2015) supports 
the identity of 17IA4 cells. Moreover, the majority of odontoblastic marker genes, 
including those encoding ALP, the enzyme involved in dentine mineralisation, and 
COL1α1, the major component of dentine (Goldberg et al., 2011), were expressed in 
cultured 17IA4 cells even before their differentiation into odontoblast-like cells. This 
demonstrates the commitment of 17IA4 cells to the odontogenic differentiation route. 
An alternative explanation is the induction of odontoblastic differentiation even by non-
differentiating media. This could be related to the presence of ascorbic acid in αMEM 
basal medium that was used for preparing both non-differentiating and differentiating 
complete culture media. Ascorbic acid is one of the three main factors commonly used 
for stimulating odontoblastic differentiation (Wei et al., 2007). Nonetheless, 
differentiation-related increase in several odontogenic marker gene expression, 
including ALP and COL1α1, dentine matrix proteins BGP and BSP2, and another 
transcription factor relevant to dentine formation, DLX3, were also detected by either 
semi-quantitative or quantitative analysis. Lower DMP1 gene expression levels in the 
cells exposed to the differentiating medium is also consistent with previous reports that 
DMP1 expression decreases in differentiated odontoblasts (Hao et al., 2004; Balic & 
Mina, 2011). However, relatively low levels of DSPP gene expression, which tends to 
increase with odontoblast differentiation (Magne et al., 2004; Balic & Mina, 2011), 




a stage equivalent to mature odontoblasts. This is further supported by unchanged 
levels of RUNX2 transcription factor gene expression, which is downregulated in fully 
differentiated odontoblasts (D'Souza et al., 1999; Komori, 2010). However, ALP 
enzymatic activity was also already significantly increased in 17IA4 cells at that 
timepoint, suggesting a differentiation-related increase in the mineralising function. 
One limitation of the experimental method used for measuring ALP activity is that it 
does not account for any potential effects of differentiating medium on cell 
proliferation, in addition to the effects on the odontoblastic differentiation. Nonetheless, 
the mineralising activity of differentiated 17IA4 cells was additionally demonstrated 
using a separate method, where increased alizarin red S staining indicated enhanced 
hydroxyapatite and calcium pyrophosphate dihydrate crystal deposition.  
Collectively, this shows that despite the in vitro morphology that does not fully 
resemble in vivo mature columnar odontoblasts with a prominent cellular extension, 
differentiated 17IA4 cells express odontoblastic markers and function like odontoblasts. 
It is possible that for the typical odontoblastic morphology to appear, these cells need 
to be exposed to a different cell culture environment. In fact, some research groups 
demonstrated that culturing dental pulp cells in 3D cultures promotes their 
odontoblastic differentiation (Yamamoto et al., 2014; Neunzehn et al., 2017), whereas 
culturing them on dentin discs with open dentinal tubules additionally stimulates the 
development of monopolar cellular processes extending into dentinal tubules (Huang et 
al., 2006; Shao et al., 2011). While this is promising from the perspective of dental tissue 
engineering for tooth regeneration, it would have restricted our ability to study the 
sensory odontoblast function in vitro. Therefore, conventionally cultured mouse 
odontoblast-like (OB) cells provide a suitable model for our further experiments. 
3.4.2 DIFFERENTIAL TRP CHANNEL FUNCTIONAL EXPRESSION IN ODONTOBLASTS 
This study demonstrated the lack of TRPA1 and TRPM8 gene expression in mouse OB 
cells. This agrees with the published work from primary mouse odontoblasts (Son et al., 
2009), further supporting the relevance of our cellular model for studying odontoblast 
sensory function. In line with the lack of functional TRPM8 ion channels, the TRPM8 
agonist icilin did not affect intracellular calcium concentrations ([Ca2+]i) in OB cells, 




heterologously expressed mouse TRPM8 channels (Andersson et al. (2004); Behrendt et 
al. (2004)). Again, this agrees with the findings of Son and colleagues (2009). On the 
other hand, the expression of TRPM8 in odontoblasts from other species remains 
controversial. Even when considering only calcium flux data, to avoid comparisons 
between different experimental methods, evidence both for (El Karim et al., 2011; 
Tsumura et al., 2013) and against (Yeon et al., 2009; Egbuniwe et al., 2014) TRPM8 
functional expression in rat and human odontoblasts or odontoblast-like cells has been 
reported, with no obvious species-dependence. This suggests that inconsistencies could 
be related to the use of different cellular models and culture conditions by different 
research groups. However, in vitro differentiated odontoblast-like cells and primary 
odontoblasts from the same species and, in the case of experimental animals, specific 
strains, have not yet been directly compared, especially in terms of functional TRP 
channel expression, to clarify these discrepancies. 
Although most previous studies support TRPA1 expression in human and rat 
odontoblasts (Byers & Westenbroek, 2011; El Karim et al., 2011; Tsumura et al., 2013; 
Egbuniwe et al., 2014), some controversy also exists. For example, recently Tazawa and 
colleagues (2017) reported TRPM8, but not TRPA1, gene and protein expression in 
acutely isolated human odontoblasts. On the other hand, while not as abundant, data 
from mouse odontoblasts consistently supports the lack of TRPA1 ion channels (Son et 
al., 2009; Sato et al., 2013), suggesting potential species differences. Although some 
increase in intracellular calcium concentrations could be detected in mouse OB cells in 
response to TRPA1 agonists allyl isothiocyanate and cinnamaldehyde, this only 
occurred at respective concentrations 9-83 or 3-14 times higher than the reported EC50 
values for heterologously expressed mouse TRPA1 channels (Bandell et al., 2004) or for 
native TRPA1 channels in human odontoblast-like cells (Egbuniwe et al., 2014). Non-
selective effects of high cinnamaldehyde concentrations on TRPV3 ion channels have 
also been reported (Macpherson et al., 2006), and there is evidence for the presence of 
these channels in mouse odontoblasts (Son et al., 2009). Together with the lack of TRPA1 
gene expression in OB cells, this suggests that the observed increases in intracellular 
calcium were not specific to TRPA1 activation, and that any experiments using high 
concentrations (≥200 µM) of allyl isothiocyanate or cinnamaldehyde to activate TRPA1 




known reactive electrophilic substances, a non-electrophilic TRPA1 activator, such as 
carvacrol, could preferably have been included for comparison (Hasan et al., 2017). 
This study was the first to test the odontoblastic gene expression of TRPC5, another 
TRP channel implicated in cold and osmotic/mechanosensation (Zimmermann et al., 
2011; Shen et al., 2015). However, similarly to TRPM8 and TRPA1, no TRPC5 gene 
expression could be detected in mouse OB cells. The fact that TRPA1, TRPC5, and 
TRPM8, the main TRP channels implicated in cold sensing (Lolignier et al., 2016), are all 
absent in mouse odontoblast-like cells contradicts the ability of mouse odontoblasts to 
directly detect cold stimuli, suggested by the odontoblast transducer theory of dentine 
hypersensitivity. 
The studies of heat-sensitive TRPV1 expression and function in odontoblasts from mice, 
rats, and humans are numerous but, again, with inconsistent findings. In this study, 
TRPV1 transcripts could be detected in mouse OB cells. However, functional calcium 
flux data revealed increased [Ca2+]i only at the highest capsaicin concentrations tested 
(5 and 10 µM), whereas the published EC50 value for capsaicin-dependent activation of 
heterologously expressed mouse TRPV1 channels is 9 nM (Correll et al., 2004). Most 
previous reports of capsaicin-induced effects on odontoblasts only included a single 
capsaicin concentration of 10 µM, but demonstrated an inhibition using a TRPV1 
antagonist capsazepine (Okumura et al., 2005; Son et al., 2009; El Karim et al., 2011; 
Tsumura et al., 2012). One group reported an increase in intracellular calcium in mouse 
odontoblast-like cells in response to a lower (1 µM) capsaicin concentration (Sato, 2013). 
However, others who also tested capsaicin at 1 µM in rat odontoblasts were unable to 
detect any response (Yeon et al., 2009), consistent with our data. A possible explanation 
might be related to the non-selective actions of both capsazepine (Docherty et al., 1997; 
Behrendt et al., 2004) and high capsaicin concentrations (Eun et al., 2001; Lundbaek et 
al., 2005; Yang et al., 2014). The presence of TRPV1 transcripts combined with the lack 
of TRPV1-dependent increase in intracellular calcium seen in this study were also 
previously observed in this laboratory in human odontoblast-like cells (Egbuniwe et al., 
2014) and by other research groups in other cell types, e.g. human urothelial cells 
(Shabir et al., 2013). This could potentially be explained by translation of TRPV1 mRNA 




physiological or pathological conditions. However, this still needs to be investigated in 
odontoblasts, for example, by using immunocytochemistry to visualise protein 
expression. 
Unlike the controversial TRP channels discussed above, evidence in the literature 
consistently supports the expression (Sole-Magdalena et al., 2011; Kwon et al., 2014; 
Tokuda et al., 2015a) and function (Son et al., 2009; Sato et al., 2013; Egbuniwe et al., 
2014; El Karim et al., 2015; Shibukawa et al., 2015) of TRPV4 in odontoblasts from mice, 
rats, and humans. In this study, mouse OB cells were also found to express the gene 
encoding TRPV4. Based on the concentration-dependent increase in [Ca2+]i in response 
to the TRPV4 agonist GSK1016790A application, TRPV4 channels were also confirmed 
to be functional in OB cells, although the estimated EC50 value for the cells grown in 
the differentiating medium (107 nM) was higher than previously observed in human 
odontoblast-like cells (32 nM; Egbuniwe et al. (2014)). The selective TRPV4 antagonist 
HC067047 inhibited this response in a concentration-dependent manner, demonstrating 
the specificity of GSK1016790A-dependent increase in [Ca2+]i to the TRPV4 activation. 
The presence of functional TRPV4 ion channels supports odontoblast 
mechanosensitivity that is required for the detection of dentinal fluid movement. This 
encouraged us to further investigate the role of TRPV4 in OB cells in subsequent 
experiments. 
In addition, the gene encoding TRPM7, a bi-functional protein containing both an ion 
channel and protein kinase activity, was also found to be expressed in mouse OB cells, 
which agrees with the published mouse odontoblast data (Nakano et al., 2016; Ogata et 
al., 2017). Both of these research groups employed genetic strategies to investigate the 
involvement of TRPM7 in mineralisation, linked to its well-established role in 
magnesium homeostasis (Schmitz et al., 2003; Ryazanova et al., 2010). Given the lack of 
selective pharmacological tools, we have not focused on TRPM7 in our subsequent 
experiments. However, recently Won and co-workers (2018) repurposed an opioid 
receptor antagonist naltriben as a TRPM7 agonist (as previously established by 
Hofmann et al. (2014)), as well as Mg2+ and sphingosine 1-phosphate (S1P) receptor 
agonist FTY720 (based on work by Qin et al. (2013)) as TRPM7 antagonists to 




stretch by rat odontoblasts. They have also detected TRPM7 gene expression and 
immunoreactivity in the odontoblastic process, supporting the potential 
mechanosensory role of TRPM7 in detecting dentinal fluid movement by odontoblasts. 
While this is a promising finding, it does not exclude the potential contribution of other 
ion channels, such as TRPV4, to the sensory role of odontoblasts. 
Overall, this study investigated the presence of TRP channel mRNA transcripts in 
odontoblasts by RT-PCR. For the most relevant TRP channels, this has been combined 
with calcium flux data to determine TRP channel function. A limitation of this study is 
the lack of protein expression data, which could be produced by using specific 
antibodies in immunocytochemistry or Western blotting experiments. There are, 
however, some concerns about the specificity of the commercially-available TRP 
channel antibodies. Without the knock-out tissue to confirm the specificity, any data 
gained would still be open to question. 
3.4.3 REGULATION OF TRP CHANNEL ACTIVITY IN ODONTOBLASTS 
Due to the in vivo location of the odontoblasts at the dentine-pulp junction, they can be 
exposed to both bacterial products and host inflammatory mediators. In agreement with 
published findings from odontoblasts (Durand et al., 2006; Veerayutthwilai et al., 2007), 
OB cells were found to express the genes encoding Toll-like receptors (TLRs) 2 and 4, 
pattern recognition receptors required for the detection of oral pathogens. 
Lipopolysaccharide (LPS), a wall component of Gram-negative bacteria, has previously 
been demonstrated to sensitise neuronal TRPV1 ion channels via activation of TLR4 
(Diogenes et al., 2011) and directly activate TRPV4 in airway epithelial cells (Alpizar et 
al., 2017). Although direct activation was not measured in this study, pre-treatment of 
OB cells with a range of concentrations of either LPS or lipoteichoic acid (LTA), a wall 
component of Gram-positive bacteria, for 1 or 24 hours did not enhance TRPV4-
dependent changes in OB cell [Ca2+]i, suggesting the absence of TRPV4 sensitisation 
under these conditions. However, stimulation of other processes in odontoblasts by LPS 
and LTA cannot be excluded. Indeed, LPS has previously been shown to stimulate the 
expression of vascular endothelial growth factor (VEGF) in odontoblasts (Botero et al., 
2006), whereas exposure to LTA increased the production of a pro-inflammatory 




both relevant to pulpal inflammation and pain. It should be noted that LPS used in the 
present study was from Escherichia coli. Based on the reports that E. coli LPS upregulates 
TRPV1 expression (Chung et al., 2011) and is the most effective at activating TRPA1 
channels compared with several other species (Meseguer et al., 2014), this bacterial 
species has been chosen to maximise the possibility of detecting any LPS-dependent 
regulation of TRP channels in the preliminary experiments. Although there is some 
evidence in the literature that E. coli is present in the oral cavity of, for example, patients 
with chronic periodontitis (Souto et al., 2006), E. coli is not the most relevant species for 
studying the mechanisms of pulpitis pain. To address this, LPS from Gram-negative 
bacterial species, such as those belonging to the Prevotella or Porphyromonas genera, 
which have been identified as particularly prevalent in symptomatic endodontic 
infections (Jacinto et al., 2006; Sakamoto et al., 2006), could instead be used in future 
studies. 
In this study, a classical inflammatory mediator TNFα also failed to sensitise TRPV4 on 
OB cells, even at treatment times and conditions that were previously reported to 
increase both TRPV4- and TRPA1-dependent changes in [Ca2+]i in human odontoblast-
like cells (El Karim et al., 2015). To help clarify the discrepancy, in the future 
experiments, it would be crucial to first determine the expression of TNFα receptors 
TNFR1 and TNFR2 in odontoblasts, which, to the best of my knowledge, has not yet 
been demonstrated. 
Overall, the preliminary results from the present study do not support the hypothesis 
that odontoblastic TRPV4 activity is modulated by the bacterial wall components LPS 
and LTA, or the inflammatory mediator TNFα. 
3.4.4 ATP RELEASE FROM STIMULATED ODONTOBLASTS 
In addition to the TRPV4-dependent increase in [Ca2+]i, the TRPV4 agonist 
GSK1016790A caused an increase in ATP concentration in mouse OB cell culture 
medium, which was inhibited by the TRPV4 antagonist HC067047. This suggests that 
selective activation of TRPV4 triggers a release of ATP from OB cells, consistent with 
previous findings from human odontoblast-like cells (Egbuniwe et al., 2014). 




from vehicle- and GSK1016790A-treated OB cells, were also similar to the resting and 
stimulated bulk ATP concentrations from other types of cells (Praetorius & Leipziger, 
2009). On the other hand, as predicted by the species difference in TRP channel 
expression, mouse OB cells, unlike human odontoblast-like cells, did not release ATP in 
response to the TRPA1 agonist allyl isothiocyanate (AITC) application. Given that the 
same concentration of AITC increased [Ca2+]i in OB cells, this calls into question a direct 
link between the increase in [Ca2+]i and ATP release. Attempts to study the importance 
of TRPV4-dependent Ca2+ influx to the TRPV4-induced ATP release by repeating the 
experiments in Ca2+-containing and Ca2+-lacking standard extracellular solution (ECS) 
revealed some unexpected findings. First, average baseline extracellular ATP 
concentrations were lower in ECS and no significant increase was induced by the 
TRPV4 activation, suggesting that the processes required for the TRPV4-induced ATP 
release are impaired under those conditions. Since appropriate measures were taken to 
ensure this is not an artefact arising from different solution effects on the ATP detection 
reaction or luminescence reading (see section 2.6.1), a possible explanation for this could 
be related to the presence of multiple additional ingredients in complete culture medium 
that are absent in ECS. So far, it was only possible to narrow it down to the factors 
present in the supplements, most likely serum, rather than in basal αMEM. Further 
experiments are needed to determine whether these factors are necessary for the ATP 
release process from OB cells in general, or whether they specifically affect TRPV4-
dependent ATP release. The additional finding that removal of Ca2+ from ECS increased 
extracellular ATP concentrations following the GSK1016790A treatment, compared 
with the Ca2+-containing ECS, suggests that low extracellular Ca2+ potentially 
stimulates an ATP release mechanism, separate from the TRPV4-induced ATP release. 
This was later supported by experiments using intracellular (BAPTA-AM) and 
extracellular (EGTA) Ca2+ chelators, which increased ATP release from OB cells even in 
the absence of TRPV4 stimulation. However, this also prevented assessment of the 
requirement of TRPV4-dependent Ca2+ influx for the TRPV4-induced ATP release. 
Given the mineralising function of odontoblasts, it seems plausible that they would 
contain intrinsic mechanisms to detect and signal changes in extracellular Ca2+. A 
recent review by An (2018) summarised the mechanisms involved in the maintenance 
of calcium homeostasis by odontoblasts and dental pulp cells. However, the sensor 




investigation. Some of the potential players include a G protein-coupled calcium-
sensing receptor (CaSR), previously demonstrated to be involved in odontoblastic 
differentiation (Mizumachi et al., 2017), an ATP-permeable calcium homeostasis 
modulator 1 (CALHM1), activated by low extracellular Ca2+ (Ma et al., 2012), although 
not yet identified in odontoblasts, and connexin 43 hemichannels that can open under 
extremely low extracellular Ca2+ conditions to enable ATP release (Contreras et al., 
2003).  
In this study, the genes encoding connexin 43, as well as pore-forming pannexin 
channels 1 and 3 were found to be expressed in mouse OB cells. These channels were 
further studied as potential mechanisms for TRPV4-induced ATP release. However, 
multiple connexin and pannexin inhibitors failed to inhibit ATP release from OB cells, 
evoked by the TRPV4 agonist. This result is inconsistent with findings by some other 
research groups that blocked pannexin 1 channels and reported inhibition of ATP 
release in human teeth in response to cold or mechanical stimulation of the dentine (Liu 
et al., 2015) or reduction in responses dependent on ATP released from mechanically 
stimulated rat odontoblasts (Shibukawa et al., 2015). However, it is possible that 
different methods of cell stimulation might activate distinct signalling pathways and 
employ different ATP release mechanisms. The non-selectivity of pharmacological tools 
that are commonly used to block these channels should also be taken into consideration. 
For example, probenecid, used for blocking pannexin channels, is also an activator of 
TRPV2 ion channels (Bang et al., 2007), which are expressed in odontoblasts (Son et al., 
2009; Wen et al., 2017). To avoid the issue of compound non-selectivity, genetic knock-
down strategies might need to be utilised in future experiments to clarify pannexin and 
connexin involvement in ATP release from stimulated odontoblasts. Inhibition of other 
potential ATP release mechanisms from odontoblasts, including P2X7 receptors 
(Pellegatti et al., 2005) and vesicular exocytosis (Ikeda et al., 2016), similarly did not 
significantly affect ATP release from TRPV4-induced OB cells. The only exception was 
N-ethylmaleimide, known for its ability to inhibit vesicular fusion (Diaz et al., 1989). 
While this result points to the vesicle-mediated mechanism of ATP release, it should be 
noted that N-ethylmaleimide also acts as a broad-activity agent that can react with 
sulfhydryl groups present on multiple protein targets, including pannexin 1 (Bunse et 




ATP synthesis (Horn & Haugaard, 1966; Mukohata & Yoshida, 1987), which could 
reduce the pool of ATP available for release. Therefore, rather than revealing the exact 
mechanism of TRPV4-induced ATP release, N-ethylmaleimide could be used as a tool 
compound to prevent such release. 
The depolarisation-dependent ATP release from OB cells was also briefly investigated. 
This process has previously been demonstrated in non-neuronal but excitable taste cells 
(Romanov et al., 2007). Based on the expression and in vitro function of various voltage-
gated ion channels, odontoblast excitability has also been suggested in the literature 
(Allard et al., 2006; Byers & Westenbroek, 2011; Kojima et al., 2015; Kojima et al., 2017). 
However, potassium chloride (KCl), tested at a concentration that would cause 
depolarisation of neurons (30 mM), failed to increase OB extracellular ATP 
concentrations. While it cannot be excluded that the magnitude of depolarisation was 
insufficient to stimulate ATP release from odontoblasts, their excitability remains 
controversial. 
Although the exact mechanisms could not be conclusively determined in the present 
study, the demonstration that mouse OB cells consistently release ATP in response to 
the selective activation of TRPV4 supports the ability of stimulated odontoblasts to 
convey a signal to adjacent neurons – a prerequisite for their hypothesised sensory role 
in dentine hypersensitivity. While modulation of trigeminal neuron activity by ATP 
released from OB cells will be further investigated in Chapters 5 and 6, the finding by 
Lee and colleagues (2017) that odontoblasts themselves express both ionotropic and 
metabotropic ATP receptors also suggests an additional function of released ATP in 
intercellular communication among odontoblasts. Whether this can additionally 
contribute to pain signalling, for instance, by initiating a positive feedback loop, also 
remains to be elucidated. 
3.4.5 GLUTAMATE AS AN ALTERNATIVE MEDIATOR RELEASED BY ODONTOBLASTS 
Preliminary experiments have also demonstrated glutamate release from OB cells in 
response to the TRPV4 agonist GSK1016790A. However, the direct link between TRPV4 
activation and glutamate release still needs to be determined by pre-treating the cells 




only other study that directly measured glutamate release from cultured odontoblasts 
detected an increase in response to a Ca2+ ionophore ionomycin that is used to raise 
[Ca2+]i (Cho et al., 2016), suggesting that TRPV4-evoked glutamate release in our study 
could also arise directly from TRPV4-dependent increase in [Ca2+]i. Although 
extracellular glutamate concentrations detected from both vehicle- and GSK1016790A-
treated OB cells (0.3 and 3.4 µM, respectively) were almost 10 times lower than the 
resting and stimulated values reported by Cho and colleagues (2016), this is most likely 
due to a different cell number/density, as our experiments were performed when the 
cells reached confluence, whereas they studied the cells after 21 days in culture.  
It should be noted that the bioluminescence-based glutamate detection assay used in 
the present study utilises the enzymatic activity of an ATP-dependent luciferase. 
Therefore, the TRPV4-induced ATP release from OB cells could potentially affect the 
luminescence values. However, unlike ATP release, the increase in extracellular 
glutamate concentrations in response to the TRPV4 agonist stimulation occurred in 
ECS, without the need for factors present in complete culture medium. By performing 
glutamate release experiments in ECS, any interference from simultaneously stimulated 
ATP release should have been avoided. Moreover, this difference suggests a distinct 
mechanism for glutamate release from OB cells compared to the one employed in ATP 
release. Work by Nishiyama and colleagues (2016) supports the involvement of anion 
channels, including volume-sensitive outwardly rectifying (VSOR) anion channels, in 
glutamate release from mechanically stimulated odontoblasts. However, inhibition of 
these channels did not completely prevent glutamate-induced responses in their 
experiments. Indeed, multiple other mechanisms for glutamate release from non-
neuronal cells, such as astrocytes, have been described in the literature (reviewed by 
Malarkey and Parpura (2008)). Interestingly, bone-producing osteoblasts have also been 
reported to release glutamate in response to shear stress via vesicular exocytosis 
(Tsuchiya et al., 2015). Based on the proposed role of glutamate signalling in bone health 
(Cowan et al., 2012) it might be speculated that odontoblasts similarly depend on 
glutamate for the maintenance of dentine. Since both adjacent pulpal nerve fibres and 
odontoblasts themselves express mGluRs (Kim et al., 2009; Cho et al., 2016; Nishiyama 
et al., 2016), released glutamate, like ATP, might act in an autocrine manner or mediate 




involvement in odontoblast-neuron communication. However, the exact mechanisms 
and potential relevance of such signalling to both the mineralisation processes, such as 
tertiary dentine formation, as well as dental pain, remain to be determined. In relation 
to pain signalling, the ability of glutamate to directly activate trigeminal ganglion 





Acid sensing by odontoblast-like cells 
4.1 Introduction 
4.1.1 ACIDS AND PH CHANGES IN THE ORAL CAVITY 
The oral environment is subject to extreme fluctuations in extracellular proton 
concentrations, or pH. In addition to frequent exposure to various acidic foods and 
drinks, the teeth come in contact with acids released as metabolic end-products by 
acidogenic oral bacteria, such as Streptococcus mutans and Lactobacillus spp. (Takahashi 
& Nyvad, 2011). Weak organic acids, namely lactic, acetic, and propionic acids, have 
been identified as the main acids in human dental plaque (Geddes, 1975), with reported 
mean plaque fluid pH values ranging from 5.30 to 7.08, depending on the time after meal 
and the presence of caries (Margolis & Moreno, 1994; Gao et al., 2001). However, the 
average pH value of carious dentine can be as low as 4.9 in active lesions (Hojo et al. 
(1994), as cited in Takahashi and Nyvad (2011)). 
Damage to tooth layers and exposure of dentinal tubules to acids of bacterial or dietary 
origin might subsequently lead to acidification of dentinal fluid that reaches odontoblast 
processes. In addition, the pH of the odontoblast microenvironment could theoretically 
also be affected by tissue acidosis from the pulpal side, in the case of inflammation 




that odontoblasts are able to directly detect extracellular acidification caused by 
biologically relevant acids, and that this leads to the release of ATP – a proposed 
mediator of odontoblast signalling to dental pulp afferent neurons, with potential 
relevance to odontogenic pain. 
4.1.2 CURRENT KNOWLEDGE OF ODONTOBLAST ABILITY TO DETECT PH CHANGES 
One line of evidence in support of the proposed odontoblast ability to detect 
extracellular acidification is their reported expression of several ion channels that are 
known to be acid sensitive. These include the members of the family of acid-sensing ion 
channels (ASICs), which are mainly Na+-permeable channels activated by protons at a 
wide range of pH values (pH 6.8-4), depending on the subtype (Wemmie et al., 2013). 
Moreover, lactic acid was shown to additionally enhance the activity of ASICs (Immke 
& McCleskey, 2001). However, to date ASIC expression in odontoblasts has only been 
demonstrated in one study, where ASIC1-3 immunostaining was detected in human 
odontoblasts (Sole-Magdalena et al., 2011).  
Some TRP channels previously shown to be expressed in odontoblasts also demonstrate 
sensitivity to acid. TRPV1 activity is known to be modulated by extracellular protons, 
so that mildly acidic pH sensitises TRPV1 to other stimuli (Caterina et al., 1997), whereas 
pH ≤ 5.9 activates TRPV1 at room temperature (Tominaga et al., 1998). However, 
functional TRPV1 expression in odontoblasts remains controversial. Additionally, in 
contrast to ASICs, lactic acid was shown to inhibit TRPV1 in neurons (de la Roche et al., 
2016), suggesting that odontoblast TRPV1 expression is unlikely to allow them to detect 
plaque acids. TRPV4 is similarly gated by a drop in pH below 6, with a maximum current 
around pH 4, and mice lacking TRPV4 display impaired acidic nociception, induced by 
acetic acid injection into the abdomen (Suzuki et al., 2003). Interestingly, Suzuki and 
colleagues (2003) also detected some TRPV4 activation by propionic acid, but not acetic 
or lactic acids, at neutral pH. TRPA1, generally found to be expressed in human and rat, 
but not mouse odontoblasts, has previously been implicated in the detection of weak 
organic acids, but not strong acids (Wang et al., 2011). Further studies found that while 
both rodent and human TRPA1 is sensitive to intracellular acidification, only human 
TRPA1 is activated by extracellular protons (de la Roche et al., 2013). In addition, two 




2-like 1 protein (PKD2L1), in odontoblasts (Thivichon-Prince et al., 2009; Jerman et al., 
2014). TRPP2 has been proposed to function as a component of a sour taste receptor, 
activated by acid application to taste cells, with a threshold of around pH 5 (Kawaguchi 
et al., 2010). Moreover, odontoblasts have been reported to express the K2P channel 
TREK-1 (Magloire et al., 2003). However, these channels are known to be gated by 
intracellular rather than extracellular increases in proton concentration (Maingret et al., 
1999). The effect of lactic acid on TREK-1 is also complex, as it either potentiates or 
reduces TREK-1 activity, depending on pH (Ghatak & Sikdar, 2016). 
Few functional studies have specifically studied odontoblast responses to altered pH. 
Kimura and colleagues (2016) studied the effects of an alkaline environment, which can 
be created by pulp capping and root canal filling materials, on odontoblasts. They 
demonstrated a TRPA1-dependent increase in odontoblast intracellular Ca2+ 
concentrations in response to high-pH solutions (Kimura et al., 2016). Another two 
reports of application of low-pH solutions to either mouse odontoblast-like cells 
(Utreras et al., 2013) or rat odontoblasts (Tsumura et al., 2012) could be identified in the 
literature. However, the authors used acidic solutions (pH 5.6, prepared using MES 
buffering agent, or pH 4 Krebs solution created with an unspecified acid, respectively) 
with the aim of specifically stimulating TRPV1-dependent Ca2+ influx. Only Tsumura 
and colleagues (2012) have demonstrated that the induced response can be inhibited by 
the TRPV1 inhibitor capsazepine. Nonetheless, the inhibition was only partial, 
suggesting an additional TRPV1-independent acid-sensitive component in rat 
odontoblasts. 
No functional studies investigating the effects of biologically relevant acids on 
odontoblasts could be identified in the literature. Therefore, the three main acids that 
odontoblasts might get exposed to in vivo (see Table 4.1) were tested in the present in 




Table 4.1 Weak organic acids tested in this study 







Ethanoic acid 1.74 × 10-5 4.76 
 








Propanoic acid 1.35 × 10-5 4.87 
 
*At 25°C, values from (Lide, 2009). 
4.1.3 OBJECTIVES OF THE PRESENT STUDY 
To assess the acid-sensing ability of odontoblasts, the following specific objectives were 
formulated: 
 To determine whether mouse odontoblast-like (OB) cells respond to 
extracellular acidification and biologically relevant acids using a microplate-
based calcium flux assay. 
 To test the ability of OB cells to release ATP in response to acid stimulation by 
measuring changes in ATP concentrations in OB cell culture medium. 
 To investigate the potential mechanisms of acid sensing and acid-induced ATP 






4.2 Materials and methods 
4.2.1 REAGENTS 
Acetic acid, DL-lactic acid, and amiloride hydrochloride were obtained from Sigma, UK. 
Propionic acid was purchased from Fisher Chemicals. See Chapter 2 (section 2.2) for 
information on other reagents that were used in multiple chapters. 
Amiloride was dissolved in dimethyl sulfoxide (DMSO; Sigma) and further diluted on 
the day of the experiment in complete culture medium. Stock acid solutions were diluted 
in extracellular solution (ECS) or complete culture medium to achieve appropriate pH 
(indicated in the text and figures). 
4.2.2 DETECTION OF CHANGES IN INTRACELLULAR CALCIUM CONCENTRATION 
The effect of different acids on OB cell intracellular Ca2+ concentration ([Ca2+]i) was 
investigated using a microplate-based calcium flux assay (described in section 2.5.1). 
These experiments involved a final 3:4 dilution of acidic or control solutions, performed 
by automated addition at 30 seconds of 120 µl of test solution to 40 µl of ECS already 
present in the cell-containing wells of a 96-well plate. The pH of acid solutions required 
to achieve the appropriate final pH was determined separately by direct measurement 
using a pH meter. TRPV4 antagonist experiments involved pre-treatment of the cells 
with HC067047 (0.1-10 µM) or DMSO vehicle for 15 minutes. Antagonist remained in 
contact with the cells throughout experimental runs. Independent experiments were 
performed using cells from different passages. 
4.2.3 MEASUREMENT OF ATP RELEASE 
ATP release from OB cells was detected using the method for measuring extracellular 
ATP concentrations ([ATP]o) described in section 2.6. To ensure that OB cells are 
exposed to the appropriate extracellular pH, treatments with acidic or control solutions 
were performed by directly replacing the culture medium in the wells with 500 µl/well 
of pre-warmed fresh complete culture medium that was pre-adjusted to the appropriate 




result figures and their captions. The medium was sampled 15 minutes later, and the 
same subsequent procedures were followed. In the inhibitor experiments, HC067047, 
amiloride, or DMSO vehicle were added to the culture medium for 15 minutes (or 30 
minutes in the case of N-ethylmaleimide and dH2O vehicle) before changing to the 
acidic or control media that also contained the same final concentrations of antagonists 
or respective vehicles. Comparisons were made with corresponding control wells from 
the same 4-well plate. 
4.2.4 PRESTOBLUE CELL VIABILITY ASSAY 
OB cells were seeded in clear 96-well plates at equal density per well and grown to 
confluence. On the day of the experiment, old culture medium was replaced with pre-
warmed medium (100 µl/well) adjusted to the appropriate final pH using weak organic 
acids or HCl, as indicated. Acidic or control media were removed and washed out 
immediately (for 0-minute wells) or 5-30 minutes later, before adding fresh medium (100 
µl/well) and 10x PrestoBlue® reagent (11 µl/well; Invitrogen). The wash step was 
included based on previous experiments (not shown), where acidic solutions by 
themselves were found to affect the fluorescence of PrestoBlue. The plates were 
incubated at 37°C for 20 minutes before measuring the fluorescence from the bottom of 
each well using FLUOstar Omega microplate reader (BMG Labtech; excitation filter at 
544 nm and emission filter at 620-10 nm). An average of 3 wells was considered an n = 
1. 
4.2.5 DETECTION OF ACID-SENSING ION CHANNEL GENE EXPRESSION IN OB CELLS 
RT-PCR and agarose gel electrophoresis were performed using the methods described 
in section 2.4. Samples loaded onto the gel were from odontoblast-like cells obtained by 
growing 17IA4 cells in the differentiating medium for 7 days. 
4.2.6 STATISTICS 
Differences in mean [ATP]o between OB cells exposed to acidic media at different pH 
and OB cells exposed to control (pH 7.4) medium were analysed using two-way ANOVA 




multiple comparisons test was used to compare the effects of inhibitors (HC067047, 
amiloride, and N-ethylmaleimide) to their respective vehicles on the responses induced 
by acidic media. A half maximal effective extracellular pH for HCl was estimated using 
GraphPad Prism 7 software after fitting a four-parameter (variable slope) sigmoidal pH-
response curve.  
4.3 Results 
4.3.1 OB CELLS SENSE EXTRACELLULAR ACIDIFICATION AND RESPOND BY 
RELEASING ATP 
A microplate-based calcium flux assay was first used to determine if lowering 
extracellular pH (pHo) by adding hydrochloric acid (HCl) to the extracellular solution 
affects intracellular Ca2+ concentration in OB cells. While an initial drop in Fura-2AM 
emission intensity ratio (F340/F380) was detected at 30 seconds, as seen in Figure 4.1A, it 
is an artefact from the addition of a comparatively large volume of solution, visible in 
both acid-treated and control wells. Lowering pHo from 7.4 to 6 increased F340/F380 above 
baseline, with pHo of 5 producing the largest increase (0.69 ± 0.05). However, in all cases, 
the increase was short-lasting, and F340/F380 returned to baseline by the end of the 
experimental runs. The estimated half maximal effective pHo for HCl was 6.14 ± 0.27 
(see Figure 4.1B). 
To better replicate the in vivo situation (Geddes, 1975; Hojo et al., 1994) weak organic 
acids, namely acetic, lactic, and propionic acid, were then tested for their effects on OB 
cell intracellular Ca2+ concentration. As seen in Figure 4.2A-C, similarly to HCl, all three 
weak organic acids induced increases in [Ca2+]i above baseline at pHo below 6.5. 
However, unlike with HCl, most responses did not return to baseline by the end of 
experimental runs. Moreover, although not directly comparable with HCl, the 
amplitude of responses was lower, with the greatest mean maximum F340/F380 changes 
of 0.32 ± 0.02, 0.38 ± 0.04, and 0.33 ± 0.05, observed at pHo 5.5 for acetic, lactic, and 
propionic acid, respectively. There was also a detectable decrease in the amplitude of 






Figure 4.1 Extracellular acidification below pH 6.5 increases [Ca2+]i in OB cells 
A) Average traces of OB cell responses to increasingly acidic extracellular solutions prepared 
using hydrochloric acid (HCl; final pH 7.4-4.65). Fura-2AM fluorescence ratios (340 nm/380 nm) 
were recorded for 3 minutes, with automated addition of control or acidic solutions at 30 
seconds. Error bars have been omitted for clarity. B) Extracellular acidification caused a pH-
dependent increase in intracellular Ca2+ concentration. Data are mean maximal Fura-2AM ratio 
changes from baseline ± SEM (n = 9 triplicate measurements from 3 independent experiments). 







































































































Figure 4.2 Weak organic acids increase [Ca2+]i in OB cells at pH below 6.5 
A-C) Average traces of OB cell responses to acetic (A), lactic (B), and propionic (C) acid solutions 
at pH 7-4.65 or control extracellular solution (pH 7.4). Fura-2AM fluorescence ratios (340 nm/380 
nm) were recorded for 3 minutes, with automated addition of control or acidic solutions at 30 
seconds. Error bars have been omitted for clarity. D) Extracellular pH-response relationships 
for acetic, lactic, and propionic acid-induced changes in OB cell intracellular Ca2+ concentration. 
Data are presented as mean maximal Fura-2AM ratio changes from baseline ± SEM (n = 4-5 
triplicate measurements from 4-5 independent experiments). 
In addition to increased [Ca2+]i, all three weak organic acids and HCl significantly 
enhanced extracellular ATP concentration ([ATP]o) in OB cell culture medium (Figure 
4.3A). However, two different patterns of responses could be seen among the four acids 
in terms of the pH value that produced the highest increase in [ATP]o. Acetic and 
propionic acids, the two weakest acids with the lowest acid dissociation constant (Ka) 
values (see Table 4.1), increased [ATP]o by 29.09 ± 3.56 nM (p < 0.001) and 11.55 ± 3.68 
nM (p = 0.02) above pH 7.4 levels, respectively, with no significant increase at pH 5 or 
7. In contrast, both lactic acid and HCl produced the highest increases in [ATP]o of 15.75 
± 3.55 nM (p < 0.001) and 19.43 ± 3.64 nM (p < 0.001) above pH 7.4 levels at pH 5. HCl, 
but not lactic acid, also caused an increase in [ATP]o at pH 6 (p = 0.007).  
A cell viability assay was then performed to confirm that increased [ATP]o was not 
simply due to direct damage of OB cells, leading to cell lysis and ATP release. At all 
incubation times, including the one that directly matches ATP release experiments (15 
minutes), and pH values that produced the highest increase in [ATP]o, acidic solutions 
did not decrease cell viability below control (pH 7.4) levels (Figure 4.3B). 
Collectively, these findings supported the ability of OB cells to detect extracellular 
acidification, including pHo changes produced by biologically relevant weak organic 
acids. Moreover, OB cells respond to acidic stimulation by releasing ATP. Potential 





Figure 4.3 Weak organic acids and HCl at pH 6 and/or 5 induce ATP release from OB 
cells without affecting their viability 
A) OB cell treatment with acetic or propionic acids (pH 6), lactic acid (pH 5) or HCl (pH 6-5) for 
15 minutes caused a significant increase in extracellular ATP concentration, when compared 
with a control medium (pH 7.4). Data are presented as mean extracellular ATP concentration ± 
SEM. *p < 0.05; **p < 0.01; ***p < 0.005 (two-way ANOVA with Dunnett’s post hoc test; n = 4-6 
groups of paired duplicate measurements from 2-5 independent experiments). B) Identical 
treatment of OB cells with weak organic acid (pH 6-5) and HCl (pH 5) solutions did not decrease 
cell viability below control (pH 7.4) levels, as measured using PrestoBlue® reagent. Data are 
mean relative fluorescence units (RFU; excitation at 544 nm, emission at 620-10 nm) ± SEM (n = 
3-5). 
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4.3.2 INVESTIGATING THE MECHANISMS OF ACID DETECTION BY OB CELLS 
Based on the previous finding that OB cells express functional TRPV4 ion channels and 
the reported TRPV4 acid sensitivity (Suzuki et al., 2003), the effects of the selective 
TRPV4 antagonist HC067047 were first tested on acid-induced OB responses in both 
calcium flux and ATP release assays. Only those acidic solution pH values that were 
previously identified to produce the greatest increase in [ATP]o were used in ATP 
release assays. Nonetheless, HC067047 failed to affect the changes in [Ca2+]i or [ATP]o 
induced by any of the acids (Figure 4.4).  
The gene expression of acid-sensing ion channels (ASICs) was also tested in OB cells by 
RT-PCR. Faint bands of predicted sizes were produced by primers selective for the genes 
that encode ASICs 1 and 3, but not ASICs 2 and 4, despite the latter two being detected 
in TG tissues that were used as a positive control (Figure 4.5A). The effects of a non-
selective ASIC blocker amiloride were then tested on changes in [Ca2+]i and [ATP]o in 
OB cells produced by acid application. Since amiloride was found to directly increase 
baseline fluorescence during the calcium flux assay, its effects on acid-induced changes 
in [Ca2+]i could not be conclusively determined (data not shown). However, pre-
treatment of OB cells with amiloride at a concentration (100 µM) higher than the 
reported IC50 values (10-63 µM; Lingueglia and Lazdunski (2013)) did not significantly 
affect acid-induced ATP release (Figure 4.5B). 
An intracellular pH indicator (pHrodo™ Red AM; Thermo Fisher Scientific) was later 
used to investigate intracellular pH (pHi) changes in response to extracellular acid 
application. However, preliminary experiments revealed acid-induced changes in 
pHrodo Red fluorescence even in cell-free wells (data not shown), and the method for 
pHi measurement could not be optimised due to time constraints. 
Finally, the effects of N-ethylmaleimide pre-treatment were tested to provide more 
information about the mechanism of acid-induced ATP release from OB cells. N-
ethylmaleimide significantly reduced [ATP]o below the levels produced by the 





Figure 4.4 Inhibition of TRPV4 channels does not affect acid-induced calcium flux 
and ATP release from OB cells 
A) Concentration-response relationship for the TRPV4 inhibitor HC067047 on acid-induced 
calcium flux in OB cells. Cells were pre-treated with HC067047 (0.1-10µM) or DMSO vehicle 
(0.2% (v/v); ‘0’ point on the x axis) for 15 minutes before the start of fluorescence recordings. 
Antagonist remained in contact with the cells throughout experimental runs. Data are presented 
as mean maximal Fura-2AM ratio changes from baseline ± SEM (n = 2-3 triplicate measurements 
from 2-3 independent experiments). B) Pre-treatment of OB cells with HC067047 (10 µM) for 15 
minutes did not significantly affect the increase in extracellular ATP concentration induced by 
weak organic acids or HCl (mean ± SEM; n = 4 groups of paired duplicate measurements from 
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Figure 4.5 Blocking acid-sensing ion channels (ASICs) on OB cells does not prevent 
acid-induced ATP release 
A) Gel electrophoresis of RT-PCR products from odontoblast-like (OB) cell samples produced 
bands for Asic1 and Asic3, but not for Asic2 or Asic4. The same primers for Asic2 and Asic4 
produced intense bands from mouse trigeminal ganglion (TG) tissue sample, used as a positive 
control. Inverted colour images are presented in the figure. First lane contains Quick-Load® 
Purple 50 bp DNA Ladder (New England Biolabs). B) Pre-treatment of OB cells with a non-
selective ASIC inhibitor amiloride (100 µM) for 15 minutes did not significantly affect the 
increase in extracellular ATP concentration induced by weak organic acids or HCl. Data are 
presented as mean ± SEM. ns = not statistically significant, p > 0.05 (two-way ANOVA; n = 5 
groups of paired duplicate measurements from 3 independent experiments). 
  
















Figure 4.6 N-ethylmaleimide prevents acid-induced ATP release from OB cells 
Pre-treatment of OB cells with N-ethylmaleimide (500 µM) for 30 minutes significantly reduced 
ATP release induced by weak organic acids or HCl, when compared with the respective vehicle. 
Data are expressed as mean ± SEM. **p < 0.01; ***p < 0.005 (two-way ANOVA with Bonferroni’s 
post hoc test; n = 4 groups of paired duplicate measurements from 3-4 independent experiments). 
4.4 Discussion 
4.4.1 DETECTION OF BIOLOGICALLY RELEVANT ACIDIFICATION BY 
ODONTOBLASTS 
The present study is the first to investigate odontoblast responses to extracellular 
acidification that is biologically relevant in terms of the range of pH values and the acid 
types. The effect of increasing extracellular proton concentrations on mouse 
odontoblast-like (OB) cells was first tested by adjusting extracellular pH (pHo) using a 
strong acid (HCl). Lowering pHo below 6.5 caused a pH-dependent increase in OB 
intracellular Ca2+ concentrations ([Ca2+]i), with a half maximal effective pH of 6.14. 
Given that typical extracellular pH that odontoblast processes are exposed to in the pre-
dentine layer is 7 (Lundgren et al., 1992), this suggests odontoblast sensitivity to a 
relatively modest extracellular acidification. The responses persisted at lower pH values, 
but the amplitude plateaued at pH 5.5-5, similar to the range of pH found in active 
carious lesions in human teeth, as measured in vivo (Kuribayashi et al., 2012). The 
proton-induced increase in [Ca2+]i was transient at all pH values tested. One limitation 













of the microplate-based calcium flux assay used in this experiment is the inability to 
wash off the test solutions. Therefore, repeated applications of acidic solutions could 
not be performed to determine the desensitisation profile of proton-induced responses. 
Although this could be achieved using a microscope-based calcium imaging system, 
acidification using a strong acid represents neither physiological nor pathological 
conditions. Therefore, weak organic acids were used instead of HCl to adjust pHo in the 
next set of experiments.  
As predicted by the fact that the same extracellular proton concentrations were tested, 
the threshold for acid-induced [Ca2+]i increase (around pH 6.5) for all three weak acids 
(acetic, lactic, and propionic) resembled the one observed previously with HCl. 
However, the maximum weak acid-induced increase in [Ca2+]i was produced at a higher 
pH (5.5 compared with 5.0 for HCl), with lower pH values producing smaller response 
amplitudes. As a result, sigmoidal curves could not be fitted. However, the most striking 
difference between weak acids and HCl was the duration of the acid-induced increase 
in [Ca2+]i. In particular, acetic and propionic acids, the weakest acids in terms of the 
lowest acid dissociation constant (Ka), generally appeared to produce the longest-lasting 
increase that did not return to baseline during the experimental runs, whereas lactic 
acid, consistent with its higher Ka value, displayed an intermediate profile between the 
other two weak acids and HCl. This highlights a possible relationship between the 
response profile and the distinct chemical characteristic of weak acids – their existence 
in solutions as both dissociated and undissociated forms. First of all, the weaker the acid, 
the higher its pKa (negative logarithm of Ka) value (Table 4.1). The pKa value is equal to 
the pH at which a certain weak acid exists as 50% dissociated form (anion and H+) and 
50% undissociated acid molecule (Featherstone & Lussi, 2006). Therefore, for example, 
at pH 5, a greater proportion of lactic acid than acetic or propionic acids is in the 
dissociated form (see Figure 4.7 for illustration), whereas HCl is completely dissociated 
at all pH values. As a result, all protons from HCl can act on OB cells at the same time, 
producing a transient response. However, as protons from dissociated weak acids 
interact with OB cells, the equilibrium might shift, leading to more protons being 
released from previously undissociated weak acids. In the case of lactic acid, the fact 
that it is primarily dissociated at some of the higher effective pH values (e.g. pH 6) 




explaining why the responses are similar in duration to the ones produced by HCl, 
whereas at lower pH values, responses to lactic acid resemble prolonged increases in 
[Ca2+]i observed with acetic and propionic acids, indicating continued release of protons 
from the undissociated acid molecules throughout the duration of experimental runs. 
However, since the concentration of available extracellular protons that the cells are 
initially exposed to is known and increases with decreasing pH, this does not explain 
the smaller amplitude of OB cell responses to weak acids seen at the lowest pH values 
tested (pH 5 and 4.65). One possible explanation might be related to the availability of 
anions that increase concurrently with protons when pHo is adjusted using weak acids. 
Following weak acid dissociation, anions are able to interact with cations, such as Ca2+ 
and Mg2+. The stability constant indicates the strength of this interaction for each anion-
cation complex. While acetate and propionate complexes with both Ca2+ and Mg2+ have 
a low stability constant, the binding of lactate to these divalent cations is slightly 
stronger (Furia, 1972). This phenomenon is particularly relevant to the dental 
demineralisation processes in vivo, as in addition to hydroxyapatite crystal attack by 
protons, lactate anions contribute to tooth erosion by chelating calcium (Featherstone 
& Lussi, 2006). In relation to our data, it might be speculated that lowered extracellular 
Ca2+ concentrations could have negatively affected the amplitude of acid-induced OB 
cell responses at low pH values. However, this might not be biologically significant in 
terms of odontoblast responsiveness to acids from the oral cavity, as higher Ca2+ 
concentrations were found to be present in dentinal fluid in carious teeth (Larmas, 
2001). Nonetheless, it suggests a potential involvement of Ca2+-permeable ion channels 





Figure 4.7 Illustration of weak organic acid dissociation at different pH values 
The fraction of acetic, lactic, and propionic acids that exist in solution as a 
protonated/undissociated acid ([HA]) or deprotonated anion species ([A-]), as predicted from 
their pKa values. 
Although functional expression of TRPV4 in mouse OB cells has already been confirmed 
(as discussed in Chapter 3), pre-treatment of OB cells with the selective TRPV4 
antagonist HC067047 failed to reduce the acid-evoked increase in intracellular Ca2+ 
concentration. This, combined with the mismatch between the reported pH values that 
activate TRPV4 (pH < 6; Suzuki et al. (2003)) and threshold pH values identified in the 
present study (approximately pH 6.5), suggested that TRPV4 is not involved in acid-
sensing by OB cells. 
Due to the intrinsic fluorescence of the non-selective ASIC inhibitor amiloride, the 
involvement of ASICs in acid-sensing by OB cells could not be reliably determined using 
the same calcium flux assay. Weak gene expression for ASICs 1 and 3, but not 2 and 4, 
was detected in OB cells by RT-PCR. Since ASIC protein expression has not been 




Moreover, the data from this study only partially agrees with human odontoblast data 
(Sole-Magdalena et al., 2011), where immunostaining for ASIC2 was found to be more 
intense than for ASICs 1 and 3, which might represent another difference between 
odontoblasts from the two species. Some combinations of ASIC subunits (e.g. ASIC1b 
homomer or ASIC1b and 3 heteromer) have been demonstrated by others (Hesselager 
et al., 2004) to have similar threshold pH and half maximal effective pH values to the 
ones detected in this study. However, ASICs are generally Na+-permeable and would 
require an additional mechanism to mediate acid-induced increase in [Ca2+]i in OB cells. 
The only exception is homomeric ASIC1a that demonstrates some permeability to Ca2+ 
(Bassler et al., 2001). Nonetheless, the extent of Ca2+ entry via ASIC1a was later 
demonstrated to be negligible (Samways et al., 2009). Therefore, ASICs seem unlikely to 
provide a direct mechanism for the acid-induced increase in [Ca2+]i in OB cells observed 
in this study. Future experiments could be performed in extracellular solutions lacking 
either Ca2+ or Na+ ions to help clarify the source of increased intracellular Ca2+ and the 
involvement of ASICs. On the other hand, while intracellular Ca2+ concentrations were 
measured in this study, elevation in Na+, rather than Ca2+, might be important for 
potential onward signalling from stimulated odontoblasts to neurons, proposed to be 
relevant in dental pain. Ideally, immunocytochemistry or Western blotting would be 
used to investigate ASIC protein expression in odontoblasts, whereas 
electrophysiological techniques would help to demonstrate ASIC activity, as ASIC 
desensitisation could explain the observed transient response profile resulting from HCl 
application to odontoblasts. 
4.4.2 ACID-INDUCED ATP RELEASE FROM ODONTOBLASTS 
In this study, HCl and weak organic acids were also demonstrated to stimulate ATP 
release from OB cells. In the case of HCl, changes in extracellular ATP concentrations 
correlated well with pH and [Ca2+]i, with ATP release only observed at pH values of 5 
and 6, but not 7. On the other hand, the finding that lactic acid only stimulated ATP 
release at pH 5, whereas the weakest acids (acetic and propionic) induced ATP release 
at pH 6, but not 5, cannot solely be explained by differences in [Ca2+]i. An additional 
characteristic of weak acids that has not been considered in the previous section is their 




deprotonated anions, which can eventually result in intracellular acidification 
(Malhotra & Casey, 2015). A similar lack of correlation between the stimulus pH and 
response has been observed in the detection of weak acids by taste receptor cells, where 
intracellular acidification was eventually identified as one of the key events (Lyall et al., 
2001). Therefore, the measurement of OB cell intracellular pH changes induced by 
extracellular weak acid application might provide more information about the processes 
involved. However, it was also important to determine that increased extracellular ATP 
concentrations were not simply a consequence of acid-induced OB cell death. Low pHo 
has previously been reported to induce human dental pulp cell death within days 
(Hirose et al., 2016). Although a detrimental effect in response to a long-term exposure 
to acids cannot be excluded, treatment duration applicable to our experiments did not 
affect OB cell viability, suggesting that ATP was released as a response to a stimulus 
and could potentially act as a means of acid-induced signal transduction to adjacent 
cells. 
In relation to the possible mechanisms for the acid detection and subsequent ATP 
release by OB cells, TRPV4 was further demonstrated not to be involved, as the same 
concentration of the selective TRPV4 antagonist that previously successfully blocked 
TRPV4-induced ATP release from OB cells did not affect acid-evoked ATP release from 
OB cells in the present study. While the non-selective ASIC inhibitor amiloride similarly 
failed to significantly affect acid-induced ATP release, suggesting that alternative acid-
sensitive ion channels might be involved, N-ethylmaleimide did significantly inhibit 
acid-induced ATP release from OB cells, demonstrating that this process can be 
prevented. As discussed in the previous chapter, the latter observation does not 
necessarily demonstrate the involvement of vesicular exocytosis in acid-induced ATP 
release. However, the fact that both TRPV4-dependent (Chapter 3) and TRPV4-
independent (acid-induced) enhancement of OB cell extracellular ATP concentration is 
sensitive to the inhibition by N-ethylmaleimide suggests the activity of this compound 
on a shared mechanism in the pathways leading to ATP release or a non-specific 
blockade of upstream processes, such as ATP generation. 
Overall, acid-sensing by OB cells and subsequent acid-induced ATP release from OB 
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Investigation of mouse trigeminal 
ganglion neuron activation and 
sensitisation in vitro 
5.1 Introduction 
5.1.1 MECHANISMS OF INFLAMMATION-RELATED PERIPHERAL SENSITISATION 
Tissue damage and inflammation is associated with the production of multiple 
inflammatory mediators by resident and infiltrating immune cells, as well as other 
disrupted local cells. As this “inflammatory soup” floods the microenvironment of 
peripheral sensory nerve afferents, its components can interact with specific receptors 
present on afferent terminals and activate a range of intracellular signalling pathways 
that ultimately lead to an increase in neuronal excitability (peripheral sensitisation; 
Hucho and Levine (2007)). Examples of some of the mechanisms involved in peripheral 
sensitisation are illustrated in Figure 5.1. 
In relation to odontogenic pain, ATP is of interest as one of the components of the 
inflammatory soup, with a potential role in pain associated with dental pulp 
inflammation, as well as its proposed role in intercellular odontoblasts-neuron 




distinct families of receptors. It can directly cause neuronal membrane depolarisation 
by activating cation channels that belong to the ionotropic P2X receptor family or 
indirectly modulate neuronal activity via metabotropic (G protein-coupled) P2Y 
receptors (Tsuda et al., 2010). P2Y receptors P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11, which 
primarily couple to the Gq/11 subfamily of G-proteins (Erb & Weisman, 2012), stimulate 
phospholipase C (PLC), which in turn cleaves the membrane phospholipid 
phosphatidylinositol-4,5-bisphosphate (PIP2) into inositol triphosphate (IP3) and 
diacylglycerol (DAG). IP3 activity on its receptor IP3R can elevate intracellular Ca2+ 
concentrations in neurons via Ca2+ release from the intracellular stores, whereas one of 
the actions of DAG is to stimulate protein kinase C (PKC). The binding of other 
inflammatory mediators, such as bradykinin and prostaglandin E2 (PGE2), to their 
specific GPCRs can also activate stimulatory Gs, leading to adenylyl cyclase-dependent 
synthesis of cyclic adenosine monophosphate (cAMP) and subsequent activation of 
protein kinase A (PKA). PKC and PKA can modulate the activity of neuronal ion 
channels, including transient receptor potential (TRP) channels, via their 
phosphorylation (Lechner & Boehm, 2004; Kadkova et al., 2017). In particular, TRPA1 
and TRPV1 have been extensively linked to orofacial pain states (Henry & Hargreaves, 
2007; Mickle et al., 2016). Therefore, they were the focus of the investigations into the 
trigeminal ganglion (TG) neuron sensitisation discussed in this chapter. Another TRP 
channel, TRPV4, was also studied. TRPV4 expression in sensory neurons is 
controversial, although it was recently detected on the nerve fibres in human dental 
pulps and found to be upregulated during inflammation (Bakri et al., 2018). 
The prototypical pro-inflammatory cytokines tumour necrosis factor alpha (TNFα) and 
interleukin 1 beta (IL-1β) might also be relevant to odontogenic pain, as they have been 
detected in dentinal fluid (Geraldeli et al., 2012) and are upregulated in inflamed dental 
pulps (Kokkas et al., 2007; Silva et al., 2009). TNFα and IL-1β act on specific cytokine 
receptors and can affect neuronal excitability through multiple pathways (reviewed by 
Üçeyler et al. (2009)), including transcriptional changes via the activation of nuclear 
factor-κB (NF-κB) and mitogen-activated protein kinases (MAPK), namely extracellular 
signal-regulated kinases (ERK), p38 MAPK, and cJun NH2-terminal kinases (JNK) 








Figure 5.1 Schematic representation of the mechanisms involved in peripheral 
sensitisation 
Components of the “inflammatory soup” can cause peripheral sensitisation by acting on 
specific receptors on peripheral sensory nerve endings. Neurotrophic factor NGF acts via its 
receptor tyrosine kinase TrkA. ATP can directly stimulate P2X ligand-gated ion channels. 
Both ATP and its degradation product, ADP, can activate P2Y G protein-coupled receptors 
(GPCRs). Bradykinin and prostaglandins E2 and I2 activate B1/B2, EP2 and IP2 GPCRs, 
respectively. Activation of these receptors can initiate downstream signalling pathways that 
typically culminate in the stimulation of protein kinases PKA and PKC. Short-term changes 
induced by inflammatory mediators include PKA/PKC-dependent post-translational 
modifications of ion channels important to neuronal excitability, including transduction 
channels and voltage-gated ion channels. For example, PKC activity induces trafficking of 
TRPV1 to the plasma membrane and its phosphorylation, leading to a decrease in TRPV1 
activation threshold. Long-term transcriptional changes can also be initiated by 
inflammatory mediators, such as a pro-inflammatory cytokine TNFα, which acts on TNFR 
receptors, resulting in the stimulation of mitogen-activated protein kinases. Black arrows 
indicate the mechanisms relevant to the experiments described in this chapter. Adapted from 
(Ellis & Bennett, 2013) with permission from Elsevier. 
5.1.2 OBJECTIVES OF THE PRESENT STUDY 
To establish a functional TG neuron sensitisation assay, the following objectives 
were formulated: 
 To identify the concentrations of TRPA1, TRPV1, and TRPV4 agonists, as well 
as ATP, that produce a submaximal increase in the proportion of sensitive 
cultured mouse TG neurons and/or intracellular Ca2+ concentrations, using 
calcium imaging. 
 To test the effects of short-term (1-hour) and long-term (24-hour) TG neuron 
pre-treatments with classical inflammatory mediators TNFα and IL-1β on the 
sensitivity of TG neurons, using the established calcium imaging-based 
system. 
Moreover, calcium imaging experiments described in this chapter aimed to further 
investigate the ability of cultured mouse TG neurons to detect the molecules 
identified in Chapter 3 as being released from stimulated odontoblasts, namely ATP 




 To investigate which purinergic P2 receptors are functional on TG neurons, 
using selective agonists of the most relevant P2X and P2Y receptors.  
 To examine the ability of glutamate to increase intracellular Ca2+ 
concentrations in TG neurons. 
5.2 Materials and methods 
5.2.1 REAGENTS 
L-glutamic acid (L-glutamate) and alpha,beta-methylene ATP (α,β-meATP) were 
obtained from Sigma. MRS2365 and 2-ThioUTP were purchased from Tocris, whereas 
recombinant mouse interleukin 1 beta (IL-1β) was obtained from R&D Systems. For 
information on other reagents used in multiple chapters see Chapter 2 (section 2.2). 
MRS2365, 2-ThioUTP, L-glutamate, and α,β-meATP were all initially dissolved in 
dH2O. IL-1β was initially reconstituted in DPBS containing 0.2% BSA. All compounds 
were further diluted in ECS on the day of the experiment to the appropriate 
concentrations indicated in subsequent sections.  
5.2.2 CALCIUM IMAGING OF MOUSE TRIGEMINAL GANGLION (TG) NEURONS 
Primary mouse TG neurons were prepared as described in Chapter 2 (section 2.3.2), 
and calcium imaging experiments were performed as described in section 2.5.2. 
Typical experimental runs testing the concentration-response relationships of 
different agonists involved an initial baseline recording, during which TG neurons 
were perfused with a standard extracellular solution (ECS), followed by one-minute 
applications with increasing concentrations of the appropriate compound, with one-
minute ECS washes in between each concentration, with the exception of some L-
glutamate experiments, where perfusion with each concentration of L-glutamate 
lasted for 3 minutes. Other L-glutamate experiments, and some ATP experiments, as 
indicated, involved the application of a single agonist concentration or a 
corresponding vehicle. Experimental runs testing different selective P2 receptor 
agonists involved longer washes with ECS between each agonist application. 




In the short-term sensitisation experiments, TG neurons were exposed to TNFα (30 
ng/ml), IL-1β (10 ng/ml), or a respective vehicle for 1 hour during the incubation with 
Fura-2AM. Long-term (24-hour) sensitisation experiments involved the addition of 
TNFα/IL-1β/vehicle into the neuronal culture medium approximately 23 hours before 
the loading of TG neurons with Fura-2AM. The neurons were then exposed to TNFα, 
IL-1β, or a respective vehicle for another hour during the incubation with Fura-2AM. 
After the application of the compound of interest, experimental runs involved the 
application of 1 µM capsaicin before the final application of 50 mM KCl, except for 
the initial sensitisation experiments testing the effects of 1-hour TNFα pre-treatment, 
which only included the final depolarising challenge with 50 mM KCl. 
Two main parameters have been chosen as the endpoints of the calcium imaging 
assay: the overall percentage of TG neurons that demonstrate an increase in [Ca2+]i 
in response to a particular stimulus, detected as increased Fura-2AM emission 
intensity ratio (F340/F380) above the 20% threshold of the corresponding maximum 
increase in response to KCl (50 mM; or capsaicin (1 M), where applicable) and the 
mean amplitude of the response displayed by the responding neurons. 
Neurons from at least 3 mice were imaged to complete each set of experiments. The 
exact number of experimental runs and the total number of neurons are indicated in 
result figures and/or their captions. 
5.2.3 STATISTICS 
Differences in the percentage of responding TG neurons were analysed using Fisher’s 
exact test. Unpaired t-test was used to compare the amplitudes of responding TG 
neuron responses to the agonist application, except for the responses to different 
glutamate concentrations, which were compared using one-way ANOVA. To 
compare the cumulative distributions of individual TG neuron responses, 
Kolmogorov-Smirnov test was performed using an online tool, provided by Saint 
John's University, USA (http://www.physics.csbsju.edu/stats/KS-test.html). Results 





5.3.1 FUNCTIONAL CHARACTERISATION OF MOUSE TG NEURONS AND 
DEVELOPMENT OF TG NEURON SENSITISATION ASSAY 
In order to establish a calcium imaging-based TG neuron sensitisation assay, the 
concentrations of the agonists for the ion channels and receptors of interest (allyl 
isothiocyanate (AITC) for TRPA1, capsaicin for TRPV1, GSK1016790A for TRPV4, 
and ATP for purinergic P2 receptors) that provide a sufficient window for 
potentiation of TG neuron responses had to be identified. Therefore, the lower range 
of their effective concentrations that increase intracellular Ca2+ concentrations 
([Ca2+]i), have been tested.  
AITC produced a concentration-dependent increase in the percentage of responding 
TG neurons from 5.3% (25/468 neurons) at 2 µM to 22.9% (107/468 neurons) at 10 µM 
AITC. However, no change in the mean amplitude of TG neuron responses could be 
detected with increasing AITC concentrations (Figure 5.2). In contrast, capsaicin 
caused a concentration-dependent increase in both the percentage of responding 
neurons (from 13.0% (57/438 neurons) at 10 nM to 40.4% (177/438 neurons) at 50 nM 
capsaicin) and the size of the response (from 42.7 ± 5.1% to 62.4 ± 3.8% of KCl response 
at 10 nM and 50 nM, respectively; see Figure 5.3).  
Based on the same criteria used to identify the responders to AITC and capsaicin 
(>20% of the corresponding maximum response, as discussed in section 5.2.2), less 
than 3% of TG neurons from wild-type mice (up to 7 out of 250) were found to be 
responsive to any of the GSK1016790A concentrations tested (10, 20, and 50 nM; 
Figure 5.4), with no obvious concentration-dependent effect on the magnitude of the 
responses (data not shown). Moreover, no significant difference could be detected 











Figure 5.2 Activation of TRPA1 ion channels on TG neurons by allyl isothiocyanate 
Example pseudocolour images (A) and traces (B) of TG neuron responses to consecutive 
application of increasing concentrations of the TRPA1 agonist allyl isothiocyanate (AITC). 
The arrows in A indicate the same TG neurons as the colour-coded traces in B. The calcium 
image colour range represents Fura-2AM fluorescence ratio. C) AITC produces a 
concentration-dependent increase in the proportion of TG neurons that respond with an 
increase in intracellular Ca2+ concentration. D) The amplitude of TG neuron responses to 
increasing concentrations of AITC as a percentage of corresponding responses to 50 mM 












































Figure 5.3 Activation of TRPV1 ion channels on TG neurons by capsaicin 
Example pseudocolour images (A) and traces (B) of TG neuron responses to consecutive 
application of increasing concentrations of the TRPV1 agonist capsaicin (CAPS). The arrows 
in A indicate the same TG neurons as the colour-coded traces in B. The calcium image colour 
range represents Fura-2AM fluorescence ratio. The inset represents a separate experimental 
run. Scale bar = 200 µM. C) Capsaicin produces a concentration-dependent increase in the 
proportion of TG neurons that respond with an increase in intracellular Ca2+ concentration. 
D) The amplitude of TG neuron responses to increasing concentrations of capsaicin as a 
percentage of corresponding responses to 50 mM KCl. Data are presented as mean ± SEM (n 






















































Figure 5.4 The absence of TRPV4 functionality in TG neurons 
Example pseudocolour images and traces of wild-type (A and C) and TRPV4-lacking (B and 
D) TG neuron responses to consecutive application of increasing concentrations of the 
TRPV4 agonist GSK1016790A (GSK101). The arrows in A and B indicate the same TG neurons 
as the colour-coded traces in C and D. The calcium image colour range represents Fura-2AM 
fluorescence ratio. The insets represent separate experimental runs. E) Overall percentage of 
TG neurons from wild-type (Trpv4+/+) and TRPV4 knock-out (Trpv4-/-) mice that respond to 
the application of GSK1016790A with an increase in intracellular Ca2+ concentration. 









































When the same protocol was used to test the effects of ATP, the initial exposure of 
TG neurons to ATP was often found to inhibit any subsequent responses (Figure 5.5A-
B). Therefore, it was decided to perform separate experimental runs for each 
concentration of ATP tested (2, 5, and 10 µM). An increase in the percentage of 
responding TG neurons from 11.4% (29/255 neurons) in response to 2 µM to 17.9% 
(50/279 neurons) in response to 10 µM ATP was detected (Figure 5.5C), whereas the 
mean magnitude of the detected increases in F340/F380 was relatively consistent 
(Figure 5.5D). An additional experiment was then performed to study the 
desensitisation profiles of TG neuron responses to repeated applications of 5 µM 
ATP. Four distinct groups of TG neurons could be identified, with neurons that 
demonstrate sudden desensitisation after the first response, with no subsequent 
recovery of responses, being the most common (see Figure 5.6). 
In the next series of experiments, to further examine what P2 receptors are functional 
on TG neurons, a few agonists, including α,β-meATP, which acts on P2X1, P2X2/3, 
and P2X3 receptors, the selective P2Y1 agonist MRS2365, the P2Y2 agonist 2-ThioUTP, 
and ATP were tested (see Figure 5.7). In this case, concentrations of each agonist 
previously identified as producing a near-maximal response were used. ATP (50 µM) 
stimulated the largest proportion of TG neurons, followed by 2-ThioUTP (5 µM), α,β-
meATP (50 µM), and MRS2365 (5 nM). Some ATP-sensitive TG neurons responded to 
multiple selective P2 receptor agonists (Figure 5.8). It should also be noted that a 
proportion of TG neurons that responded to the selective P2 agonists did not display 
a subsequent response to ATP, but the majority also responded to capsaicin (see 
Table 5.1). 
Finally, TG neuron responses to glutamate were investigated. Some individual TG 
neurons displayed an increase in [Ca2+]i above vehicle levels in response to glutamate 
(10, 50, or 100 µM) application (Figure 5.9A, C, and F). However, the difference 
between mean response sizes was not statistically significant (p = 0.107; one-way 
ANOVA). Moreover, this increase in [Ca2+]i above threshold levels occurred only in 
1.8-4.8% of TG neurons, compared to 2.9% sensitive to the application of a 
corresponding vehicle (Figure 5.9E). The difference was not statistically significant 











Figure 5.5 Activation of purinergic P2 receptors on TG neurons by ATP 
Example pseudocolour images (A) and traces (B) of TG neuron responses to consecutive 
application of increasing concentrations of ATP. The arrows in A indicate the same TG 
neurons as the colour-coded traces in B. The calcium image colour range represents Fura-
2AM fluorescence ratio. Desensitisation of some TG neuron responses to ATP was observed 
when increasing concentrations of ATP were applied in the same experimental run. C) 
Overall percentage of TG neurons responding to different ATP concentrations, applied in 
separate experimental runs, with an increase in intracellular Ca2+ concentration. The number 
of responding neurons and the total number of neurons tested is indicated in the graph, 
above the bars. D) The amplitude of TG neuron responses to ATP, with different ATP 
concentrations applied in separate experimental runs, expressed as a percentage of 








































Figure 5.6 Desensitisation profiles of TG neuron responses to ATP 
Example pseudocolour images (A) and traces (B-E) of TG neuron responses to six consecutive 
applications of ATP (5 µM), including TG neurons displaying: B) desensitisation without 
recovery, C) desensitisation with recovery (although the example shown also displays some 
potential sensitisation), D) no desensitisation, and E) sensitisation, seen as the absence of 
initial response(s), followed by responses to subsequent ATP applications. The arrows in A 
(numbered 1-4) indicate the same TG neurons as traces in B-E (in the same order). The 
calcium image colour range represents Fura-2AM fluorescence ratio. The insets represent a 
separate experimental run. F) Proportion of TG neurons displaying each desensitisation 
pattern. n = 4 (164 neurons).






















































Figure 5.7 TG neurons detect ATP via multiple P2 receptors 
Example pseudocolour images (A) and traces (B) of changes in TG neuron intracellular Ca2+ 
concentration in response to the P2X1/P2X2/3/P2X3 agonist α,β-meATP, P2Y1 agonist 
MRS2365, P2Y2 agonist 2-ThioUTP, and ATP. The arrows in A indicate the same TG neurons 
as the colour-coded traces in B. The calcium image colour range represents Fura-2AM 
fluorescence ratio. C) Overall percentage of TG neurons responding to each P2 receptor 
agonist. The number of responding neurons and the total number of neurons tested for each 
concentration is indicated in the graph, above the bars. D) The amplitude of TG neuron 
responses to each P2 receptor agonist, expressed as a percentage of the corresponding 
maximum response to either 50 mM KCl or 1 µM capsaicin (CAPS). Data presented are mean 







































Figure 5.8 TG neurons demonstrate overlapping P2 receptor function 
Quantitative Venn diagram representing the overlap among ATP-sensitive TG neurons 
responding to other P2 receptor agonists. 
Table 5.1 Percentage of TG neurons sensitive to P2 receptor agonists that also 
respond to ATP and capsaicin 
TG neuron group % sensitive to  
ATP (50 µM) 
% sensitive to 
capsaicin (1 µM) 
% sensitive to  
ATP and capsaicin 
All neurons 30.6 49.0 27.1 
Responders to 
MRS2365 (5 nM) 
84.1 84.0 76.0 
Responders to  
2-ThioUTP (5 µM) 
82.0 96.2 88.7 
Responders to  
α,β-meATP (50 µM) 














Figure 5.9 Glutamate activates a negligible proportion of TG neurons 
Example pseudocolour images (A-B) and traces (C-D) of TG neuron responses to consecutive 
application of increasing concentrations of L-glutamate (A and C) or L-glutamate (100 µM) 
and a corresponding vehicle (B and D). The arrows in indicate the same TG neurons as the 
corresponding colour-coded traces. The calcium image colour range represents Fura-2AM 

















of TG neurons responding to L-glutamate and vehicle. The number of responding neurons 
and the total number of neurons tested in each case is indicated in the graph, above the bars. 
F) The amplitude of TG neuron responses to L-glutamate or the corresponding vehicle, 
expressed as a percentage of the maximum response to 50 mM KCl or 1 µM capsaicin (CAPS). 
Data are mean ± SEM (n = 3-5). 
5.3.2 INVESTIGATING THE SENSITISATION OF TG NEURON ACTIVITY BY 
INFLAMMATORY MEDIATORS 
Since a significant increase in at least one of the parameters was detectable with the 
ranges of concentrations of AITC, capsaicin, and ATP tested previously, it was 
initially decided to use the lowest concentrations of these agonists for the 
sensitisation experiments. However, the results of preliminary sensitisation 
experiments (not shown) suggested that the use of 20 nM capsaicin and 5 µM ATP 
improved reproducibility of the responses. Moreover, a sustained elevation in [Ca2+]i 
was occasionally observed in response to any agonist that was applied first, which 
would affect the subsequent responses to other compounds. In order to ensure that 
agonists are not masking the responses to one another, and that there are no other 
unpredicted interactions, it was decided to test the ability of inflammatory mediators 
to sensitise TG neuron responses to AITC, capsaicin, and ATP in separate 
experimental runs. 
5.3.2.1 Short-term pre-treatment of TG neurons with TNFα or IL-1β 
TG neuron pre-treatment with tumour necrosis factor-α (TNFα) for 1 hour did not 
affect the percentage of TG neurons sensitive to 2 µM AITC, compared to the pre-
treatment with the corresponding vehicle (Figure 5.10A). However, a statistically 
significant increase from 37.3 ± 4.3% to 63.3 ± 7.0% (of KCl response) was detected in 
the magnitude of TG neuron responses to 2 µM AITC (p = 0.008; Figure 5.10B). When 
comparing all TG neuron responses, both the activation by AITC in vehicle pre-
treated neurons and TNFα-dependent sensitisation of TG neuron responses to AITC 
were prevented in the TRPA1 knock-out mice (D = 0.421 and 0.228, respectively, p < 
0.001, Kolmogorov-Smirnov test; Figure 5.10C).  
The proportion of TG neurons sensitive to 20 nM capsaicin increased from 18.0% to 




an increase in the amplitude of TG neuron responses to 20 nM capsaicin, from 60.1 ± 
5.0% to 70.4 ± 1.1% (of KCl response) was also detected with TNFα pre-treatment, this 
effect did not reach statistical significance (p = 0.052, Figure 5.11B). Comparison of all 
TG neuron responses revealed that both the activation by capsaicin in vehicle pre-
treated neurons and TNFα-dependent sensitisation of TG neuron responses to 
capsaicin were prevented in the TRPV1 knock-out mice (D = 0.410 and 0.334, 
respectively, p < 0.001, Kolmogorov-Smirnov test; Figure 5.11C). 
A short-term (1-hour) pre-treatment with TNFα appeared to cause a reduction in the 
percentage of TG neurons responsive to 5 µM ATP (p = 0.020; see Figure 5.12A). 
However, it should be noted that the percentage of ATP-sensitive TG neurons 
detected after the pre-treatment with vehicle in this set of experiments is 
approximately 3-fold higher than the corresponding result in the initial set of 
experiments (Figure 5.5B). In terms of the amplitude of TG neuron responses to 5 µM 
ATP, no change was detected between the treatment groups (Figure 5.12B). The 
difference between the cumulative distributions of all TG neuron responses was also 
statistically significant (D = 0.124, p = 0.035; see Figure 5.12C).  
When the same experiment was repeated using α,β-meATP (10 µM) instead of ATP, 
no significant effect of TNFα pre-treatment could be detected on the proportion of 
responding TG neurons or the size of their response (Figure 5.13 A and B). However, 
the difference between the cumulative distributions of all TG neuron responses was 
statistically significant (D = 0.123, p = 0.016; Figure 5.13C). 
In contrast to TNFα, 1-hour pre-treatment with interleukin 1 beta (IL-1β; 10 ng/ml) 
did not significantly affect TG neuron responses to AITC (Figure 5.14), capsaicin 






Figure 5.10 Short-term pre-treatment with TNFα increases the amplitude of TG 
neuron responses to TRPA1 activation 
A) The percentage of TG neurons responding to the TRPA1 agonist AITC (2 µM), following 
a 1-hour pre-treatment with either TNFα (30 ng/ml) or a corresponding vehicle. The number 
of responding neurons and the total number of neurons tested in each case is indicated in 
the graph, above the bars. B) TNFα significantly increased the amplitude of TG neuron 
responses to 2 µM AITC above vehicle levels. Data are presented as mean ± SEM. **p < 0.01 
(unpaired t-test). C) Cumulative distribution plot showing the responses of all TG neurons, 
either from wild-type (Trpa1+/+, as above) or from TRPA1 knock-out (Trpa1-/-) mice to 2 µM 
AITC, following the pre-treatment with TNFα (30 ng/ml) or vehicle. The shaded area 
represents neuronal responses below the threshold value (20% of the response to 50 mM KCl) 
used for distinguishing the responding TG neurons from non-responders. Trpa1+/+: n = 7 (for 


















































































Figure 5.11 Short-term pre-treatment with TNFα increases the proportion of TG 
neurons responding to TRPV1 activation 
A) One-hour pre-treatment with TNFα (30 ng/ml) significantly increased the percentage of 
TG neurons responding to the TRPV1 agonist capsaicin (CAPS, 20 nM), compared with pre-
treatment with a corresponding vehicle. The number of responding neurons and the total 
number of neurons tested in each case is indicated in the graph, above the bars. B) The 
amplitude of TG neuron responses to 20 nM CAPS was not significantly increased following 
the pre-treatment with TNFα, compared with vehicle. Data are mean ± SEM. C) Cumulative 
distribution plot showing the responses of individual TG neurons, either from wild-type 
(Trpv1+/+, as above) or from TRPV1 knock-out (Trpv1-/-) mice to 20 nM CAPS, following the 
pre-treatment with TNFα (30 ng/ml) or vehicle. The shaded area represents neuronal 
responses below the threshold value (20% of the response to 50 mM KCl) used for 
distinguishing the responding TG neurons from non-responders. Trpv1+/+: n = 6-7; Trpa1-/-: 






















































Figure 5.12 Short-term pre-treatment with TNFα decreased the proportion of ATP-
sensitive TG neurons 
A) One-hour pre-treatment with TNFα (30 ng/ml) significantly decreased the percentage of 
TG neurons responding to ATP (5 µM), compared with pre-treatment with a corresponding 
vehicle. The number of responding neurons and the total number of neurons tested in each 
case is indicated in the graph, above the bars. B) The amplitude of TG neuron responses to 5 
µM ATP was not affected by the pre-treatment with TNFα, compared with vehicle. Data are 
mean ± SEM (n = 5-6). C) Cumulative distribution plot showing the responses of individual 
TG neurons to 5 µM ATP, following the pre-treatment with TNFα (30 ng/ml) or vehicle. The 
shaded area represents neuronal responses below the threshold value (20% of the response 
















































Figure 5.13 Short-term pre-treatment with TNFα does not significantly affect TG 
neuron responses to α,β-meATP 
A) The percentage of TG neurons responding to the P2X3 agonist α,β-meATP (10 µM) was 
not significantly affected by a 1-hour pre-treatment with TNFα (30 ng/ml), compared with a 
corresponding vehicle. ns = not statistically significant, p > 0.05 (Fisher’s exact test). The 
number of responding neurons and the total number of neurons tested in each case is 
indicated in the graph, above the bars. B) The amplitude of TG neuron responses to 10 µM 
α,β-meATP, following the pre-treatment with TNFα or vehicle. Data are mean ± SEM (n = 4-
5). C) Cumulative distribution plot showing the responses of individual TG neurons to 10 µM 
α,β-meATP, following the pre-treatment with TNFα (30 ng/ml) or vehicle. The shaded area 
represents neuronal responses below the threshold value (20% of the maximum response to 




















































Figure 5.14 Short-term pre-treatment with IL-1β does not significantly affect TG 
neuron responses to TRPA1 activation 
A) The percentage of TG neurons responding to the TRPA1 agonist AITC (2 µM), following 
a 1-hour pre-treatment with either IL-1β (10 ng/ml) or a corresponding vehicle. The number 
of responding neurons and the total number of neurons tested in each case is indicated in 
the graph, above the bars. B) The amplitude of TG neuron responses to 2 µM AITC, following 
the pre-treatment with IL-1β or vehicle. Data are mean ± SEM (n = 9). C) Cumulative 
distribution plot showing the responses of individual TG neurons to 2 µM AITC, following 
the pre-treatment with IL-1β (10 ng/ml) or vehicle. The shaded area represents neuronal 
responses below the threshold value (20% of the maximum response to 50 mM KCl or 1 µM 








































Figure 5.15 Short-term pre-treatment with IL-1β does not significantly affect TG 
neuron responses to TRPV1 activation 
A) The percentage of TG neurons responding to the TRPV1 agonist capsaicin (CAPS; 20 nM), 
following a 1-hour pre-treatment with either IL-1β (10 ng/ml) or a corresponding vehicle. 
The number of responding neurons and the total number of neurons tested in each case is 
indicated in the graph, above the bars. B) The amplitude of TG neuron responses to 20 nM 
CAPS, following the pre-treatment with IL-1β or vehicle. Data are presented as mean ± SEM 
(n = 8). C) Cumulative distribution plot showing the responses of individual TG neurons to 
20 nM CAPS, following the pre-treatment with IL-1β (10 ng/ml) or vehicle. The shaded area 
represents neuronal responses below the threshold value (20% of the maximum response to 






























































Figure 5.16 Short-term pre-treatment with IL-1β does not significantly affect TG 
neuron responses to ATP 
A) The percentage of TG neurons responding to ATP (5 µM), following a 1-hour pre-
treatment with either IL-1β (10 ng/ml) or a corresponding vehicle. The number of responding 
neurons and the total number of neurons tested in each case is indicated in the graph, above 
the bars. B) The amplitude of TG neuron responses to 5 µM ATP, following the pre-treatment 
with IL-1β or vehicle. Data are mean ± SEM (n = 9-10). C) Cumulative distribution plot 
showing the responses of individual TG neurons to 5 µM ATP, following the pre-treatment 
with IL-1β (10 ng/ml) or vehicle. The shaded area represents neuronal responses below the 
threshold value (20% of the maximum response to either 50 mM KCl or 1 µM capsaicin) used 


















































5.3.2.2 Long-term pre-treatment of TG neurons with TNFα or IL-1β 
Long-term (24-hour) TG neuron pre-treatment with the same concentration of TNFα 
(30 ng/ml) did not significantly affect the percentage of TG neurons sensitive to 2 µM 
AITC or the amplitude of their responses, compared to the analogous pre-treatment 
with the corresponding vehicle (Figure 5.17). Cumulative distribution of all TG 
neuron responses was also not significantly different between the two treatment 
groups. Similarly, no significant effect of the 24-hour pre-treatment with TNFα could 
be detected on the proportion of responding TG neurons, the size of their response, 
or the cumulative distribution of all TG neuron responses to 20 nM capsaicin (Figure 
5.18). 
Long-term pre-treatment with IL-1β (10 ng/ml) also did not significantly affect the 
proportion of responding TG neurons or the size of their response to 2 µM AITC 
(Figure 5.19 A and B). However, IL-1β caused a decrease in TG neuron sensitivity to 
AITC, based on the statistically significant shift in the cumulative distribution of all 
TG neuron responses (D = 0.119, p = 0.019, Kolmogorov-Smirnov test; Figure 5.19C). 
On the other hand, pre-treatment with IL-1β for 24 hours failed to cause any 
significant effects on TG neuron responses to 20 nM capsaicin (Figure 5.20). 
The data from the above experiments have been additionally analysed to determine 
if the long-term pre-treatment with TNFα or IL-1β affected the percentage of TG 
neurons sensitive to a high concentration of capsaicin (1 µM) applied at the end of 






Figure 5.17 Long-term pre-treatment with TNFα does not significantly affect TG 
neuron responses to TRPA1 activation 
A) The percentage of TG neurons responding to the TRPA1 agonist AITC (2 µM), following 
a 24-hour pre-treatment with either TNFα (30 ng/ml) or a corresponding vehicle. The number 
of responding neurons and the total number of neurons tested in each case is indicated in 
the graph, above the bars. B) The amplitude of TG neuron responses to 2 µM AITC, following 
the pre-treatment with TNFα or vehicle. Data are mean ± SEM (n = 5). C) Cumulative 
distribution plot showing the responses of individual TG neurons to 2 µM AITC, following 
the pre-treatment with TNFα (30 ng/ml) or vehicle. The shaded area represents neuronal 
responses below the threshold value (20% of the maximum response to 50 mM KCl) used for 



















































Figure 5.18 Long-term pre-treatment with TNFα does not significantly affect TG 
neuron responses to TRPV1 activation 
A) The percentage of TG neurons responding to the TRPV1 agonist capsaicin (CAPS; 20 nM) 
was not significantly increased by a 1-hour pre-treatment with TNFα (30 ng/ml), compared 
with a corresponding vehicle. ns = not statistically significant, p > 0.05 (Fisher’s exact test). 
The number of responding neurons and the total number of neurons tested in each case is 
indicated in the graph, above the bars. B) The amplitude of TG neuron responses to 20 nM 
CAPS, following the pre-treatment with TNFα or vehicle. Data are mean ± SEM (n = 4). C) 
Cumulative distribution plot showing the responses of individual TG neurons to 20 nM 
CAPS, following the pre-treatment with TNFα (30 ng/ml) or vehicle. The shaded area 
represents neuronal responses below the threshold value (20% of the maximum response to 
































































Figure 5.19 Long-term pre-treatment with IL-1β does not significantly affect TG 
neuron responses to TRPA1 activation 
A) The percentage of TG neurons responding to the TRPA1 agonist AITC (2 µM) was not 
significantly affected by a 1-hour pre-treatment with IL-1β (10 ng/ml), compared with a 
corresponding vehicle. ns = not statistically significant, p > 0.05 (Fisher’s exact test). The 
number of responding neurons and the total number of neurons tested in each case is 
indicated in the graph, above the bars. B) The amplitude of TG neuron responses to 2 µM 
AITC, following the pre-treatment with IL-1β or vehicle. Data are mean ± SEM (n = 4). C) 
Cumulative distribution plot showing the responses of individual TG neurons to 2 µM AITC, 
following the pre-treatment with IL-1β (10 ng/ml) or vehicle. The shaded area represents 
neuronal responses below the threshold value (20% of the maximum response to either 50 





































Figure 5.20 Long-term pre-treatment with IL-1β does not significantly affect TG 
neuron responses to TRPV1 activation 
A) The percentage of TG neurons responding to the TRPV1 agonist capsaicin (CAPS; 20 nM), 
following a 24-hour pre-treatment with either IL-1β (10 ng/ml) or a corresponding vehicle. 
The number of responding neurons and the total number of neurons tested in each case is 
indicated in the graph, above the bars. B) The amplitude of TG neuron responses to 20 nM 
CAPS, following the pre-treatment with IL-1β or vehicle. Data are presented as mean ± SEM 
(n = 3). C) Cumulative distribution plot showing the responses of individual TG neurons to 
20 nM CAPS, following the pre-treatment with IL-1β (10 ng/ml) or vehicle. The shaded area 
represents neuronal responses below the threshold value (20% of the maximum response to 













































Table 5.2 Sensitisation of cultured mouse TG neuron responses to a high 
concentration of capsaicin  
Long-term pre-treatment of TG neurons with TNFα or IL-1β significantly increased the 
percentage of TG neurons sensitive to capsaicin (1 µM). The data was collected during the 
same experiments described in section 5.3.2. 
5.4 Discussion 
5.4.1 MOUSE TG NEURONS EXPRESS FUNCTIONAL TRPA1 AND TRPV1, BUT 
NOT TRPV4 ION CHANNELS 
Initial findings described in this chapter support the functional expression of TRPA1 
and TRPV1, selected for their well-established link to various pain states in humans 
(Mickle et al., 2016), on cultured mouse TG neurons. Allyl isothiocyanate (AITC) 
induced an increase in intracellular Ca2+ concentration ([Ca2+]i) in a proportion of 
primary mouse TG neurons, even at concentrations approximately 2-10 times lower 
than the reported EC50 value for heterologously expressed mouse TRPA1 channels 
(Bandell et al., 2004), suggesting the presence of functional TRPA1 ion channels. As 
expected from the fact that TRPA1 is expressed in a subset of TRPV1-expressing 
sensory neurons (Story et al., 2003), the TRPV1 ion channel agonist capsaicin also 
successfully stimulated TG neurons in this study. The proportion of TG neurons 
responding to the highest concentrations of either agonist is in the same range as 
published rat TG neuron data (Jordt et al., 2004; Bautista et al., 2005). It should be 
noted that a final application of a high concentration of the agonists has not been 
Pre-treatment group Overall proportion of TG neurons 
responding to 1 µM capsaicin (%) 
p-value 















included in these experimental runs. As a result, the overall population of neurons 
sensitive to each agonist cannot be conclusively determined from these particular 
experiments. 
While both agonists produced a concentration-dependent increase in the percentage 
of responding TG neurons, only capsaicin also caused a concentration-dependent 
increase in the magnitude of the response. It is possible that the difference in TG 
neuron responses to AITC might have been detected using a wider range of AITC 
concentrations. The difference between the agonists might also be related to the 
nature of interaction with their respective target ion channel. AITC is known to 
activate TRPA1 via a covalent modification (Hinman et al., 2006), whereas a 
combination of van der Waals interactions and hydrogen bonds is important in 
capsaicin-TRPV1 interaction (Yang et al., 2015). Moreover, AITC has also been 
reported to activate TRPV1 (Gees et al., 2013). Other possible explanations for the 
consistently large amplitude of AITC-induced increase in TG neuron [Ca2+]i include 
TRPA1-driven Ca2+ release from the intracellular stores (Shang et al., 2016) or 
additional Ca2+-dependent regulation of TRPA1 activity (Hasan & Zhang, 2018).  
Unlike AITC and capsaicin, the selective TRPV4 agonist GSK1016790A did not 
produce any concentration-dependent effects on [Ca2+]i in mouse TG neurons. As 
shown in Chapter 3, the same GSK1016790A concentrations successfully increased 
[Ca2+]i in mouse odontoblast-like cells in a concentration-dependent manner. A 
limited percentage of TG neurons displayed small but detectable increases in [Ca2+]i, 
coinciding with the agonist application. It cannot be excluded that higher 
concentrations of GSK1016790A could have activated a greater proportion of TG 
neurons, as reported elsewhere for DRG neurons (Kim et al., 2016). However, in our 
experiments, a similar percentage of responders was detected in TG neurons from 
both wild-type and TRPV4 knock-out mice, suggesting that the observed fluctuations 
in [Ca2+]i were not specific to the TRPV4 activation. Therefore, subsequent 
experiments testing the potential sensitisation of TG neurons (discussed in section 
5.4.4) did not include TRPV4 as a target of interest. 
Although some researchers argue the presence of TRPV4 on mouse TG neurons 




neurons in this study agrees with mouse TG neuron-specific RNA sequencing (RNA-
seq) data (Lopes et al., 2017), as well as the absence of TRPV4 gene expression in 
retrogradely-traced rat dental primary afferents (Hermanstyne et al., 2008). This 
suggests that TRPV4 is unlikely to be involved in dental pain as a neuronal 
mechanoreceptor, responsible for the direct detection of dentinal fluid movement by 
neurons, as proposed by the hydrodynamic theory of dentine hypersensitivity. The 
above observations also contradict the findings of Bakri and colleagues (2018), who 
detected TRPV4 on human dental pulp afferents using immunostaining techniques. 
While there is a possibility that this represents a species difference, another possible 
explanation is the non-specificity of anti-TRPV4 antibodies used in that study. 
5.4.2 DETECTION OF ATP BY TG NEURONS 
The presence of functional purinergic P2 receptors on TG neurons is crucial for the 
proposed mechanism of dentine hypersensitivity that involves stimulation of dental 
primary afferents by ATP released from odontoblasts. Given the close contact 
between the neurons innervating the teeth and odontoblasts in vivo  (Shiromoto, 
1984; Ibuki et al., 1996), higher concentrations of ATP were tested in calcium imaging 
experiments described in this chapter (2-10 µM) than previously detected in the 
culture medium of stimulated mouse odontoblast-like cells (~30-40 nM; Chapter 3). 
This replicates the reported difference between evoked bulk phase and near-
membrane ATP concentrations in other types of non-neuronal cells (Praetorius & 
Leipziger, 2009). In the present study, ATP, at all concentrations tested, increased 
[Ca2+]i in a proportion of TG neurons, supporting the presence of functional ATP 
receptors. As a result, it was decided to include ATP as one of the agonists tested in 
the TG neuron sensitisation assay (discussed in section 5.4.4). The percentage of TG 
neurons responding to the highest ATP concentration is also consistent with 
published mouse TG neuron calcium imaging data (Hanstein et al., 2016).  
Multiple consecutive ATP application in another set of experiments revealed distinct 
desensitisation profiles of TG neuron responses to ATP, suggesting the heterogeneity 
of purinergic P2 receptors present on different TG neurons. Indeed, subsequent 
observation of increased [Ca2+]i in TG neurons in response to selective 




metabotropic P2Y receptors. Although α,β-meATP is known to activate P2X1, P2X2/3, 
and P2X3 receptors (North, 2002), P2X3 is the most highly expressed P2X receptor 
subunit in mouse TG neurons, with low P2X2 and no P2X1 expression detected by 
RNA-seq (Lopes et al., 2017). Therefore, α,β-meATP-induced increase in [Ca2+]i most 
likely represents the activation of homomeric P2X3 and potentially heteromeric 
P2X2/3 receptors on TG neurons. More than half of TG neurons desensitised rapidly 
in the experiments involving repeated ATP applications in this study, which 
potentially reflects fast desensitisation of P2X3 (Lewis et al., 1995). The observation 
that some TG neurons that were sensitive to α,β-meATP did not subsequently 
respond to ATP could also be explained by the desensitisation of P2X3. Therefore, the 
proportion of ATP-sensitive TG neurons expressing functional P2X3 was likely 
underestimated in this study. The functional expression of other P2X receptor 
subunits, such as P2X4 and P2X6, on TG neurons was not investigated in this study 
due to the lack of selective agonists. Selective antagonists could be used in the future 
experiments to determine the exact contribution of different purinergic P2 receptors 
to the detection of ATP by TG neurons. 
In addition to the P2X receptors, mouse TG neurons express the genes encoding P2Y1 
and P2Y2 (Lopes et al., 2017). In the present study, a selective P2Y1 agonist MRS2365 
successfully increased [Ca2+]i in a small proportion of TG neurons, supporting the 
presence of functional P2Y1. It should be noted that ATP acts as a partial agonist at 
P2Y1 receptors but is spontaneously hydrolysed by ectonucleotidases to ADP, a full 
agonist of P2Y1 receptors (Hechler et al., 1998). This suggests that ADP signalling via 
P2Y1 should also be considered when investigating ATP-dependent effects on TG 
neurons. However, this was out of scope of this study. Interestingly, out of the three 
selective agonists tested, the P2Y2 agonist 2-ThioUTP activated the greatest 
proportion of ATP-sensitive TG neurons. In theory, the concentration of 2-ThioUTP 
tested could also have activated P2Y4 and P2Y6 receptors (El-Tayeb et al., 2006). 
However, these receptors are not expressed in mouse TG neurons (Lopes et al., 2017). 
The relatively high percentage of TG neurons that demonstrate functional P2Y2 
expression, combined with the fact that ATP acts as a full agonist at P2Y2 receptors 
(Lazarowski et al., 1995), suggests a potentially important role for P2Y2 in ATP-




Responsiveness of some ATP-sensitive TG neurons to more than one selective P2 
receptor agonist suggests the presence of multiple functional P2 receptors on the 
same TG neuron, with a potential regulation of P2X activity by P2Y receptors. 
Although both P2Y1 and P2Y2 receptors are primarily Gq/11-coupled GPCRs (Erb & 
Weisman, 2012), P2Y1 has previously been demonstrated to inhibit P2X3 (Gerevich et 
al., 2007), whereas reports of both inhibition and facilitation of P2X3-dependent 
currents by P2Y2 exist in the literature (Chen et al., 2010; Mo et al., 2013). Moreover, 
the observation that most ATP-sensitive TG neurons also respond to the TRPV1 
agonist capsaicin indicates an extensive overlap between purinergic P2 receptor and 
TRPV1 ion channel expression, again, with a potential interaction between the two 
types of proteins. Indeed, potentiation of TRPV1 activity by P2Y1, P2Y2, and P2X3 has 
already been demonstrated and proposed to be important in pain (Tominaga et al., 
2001; Lakshmi & Joshi, 2005; Yousuf et al., 2011; Saloman et al., 2013). 
Since the experiments described in this chapter were performed using all mouse TG 
neurons, rather than just those innervating the teeth, the above findings could 
potentially be applicable to various orofacial pain states. However, functional 
expression of P2X3, P2Y1, and P2Y2 has recently been confirmed by calcium imaging 
of retrogradely-labelled mouse dental primary afferent neurons (Katharina 
Zimmermann, personal communication), which indicates the relevance of the 
findings from the present study to the neurons innervating the teeth. Overall, TG 
neuron ability to detect ATP supports the potential ATP-dependent modulation of 
adjacent nerve fibre activity by odontoblasts. 
5.4.3 POTENTIAL ACTIVATION OF TG NEURONS BY GLUTAMATE 
In addition to ATP, stimulated odontoblasts have also been demonstrated to release 
glutamate (Cho et al. (2016) and Chapter 3 of this thesis), which was proposed as an 
alternative mediator of intercellular signalling between odontoblasts and neurons, 
relevant in dentinal pain (Nishiyama et al., 2016). In the present study, to determine 
if glutamate can directly activate TG neurons, it was tested at concentrations up to 
30 times higher than those previously detected in the solution from stimulated mouse 
odontoblast-like cells. Although glutamate caused large increases in [Ca2+]i in some 




percentage of glutamate-sensitive TG neurons was low and not significantly different 
from the proportion of TG neurons sensitive to the corresponding vehicle. It is 
possible that even higher concentrations of glutamate are required to activate a 
considerable proportion of TG neurons. For instance, at 200 µM, compared with 10-
100 µM tested in the present study, glutamate has been reported to successfully 
stimulate a large proportion of cultured dorsal root ganglion (DRG) neurons (Kung 
et al., 2013). Any sensitisation of TG neurons exposed to glutamate, potentially 
dependent on mGluR activation, also cannot be excluded at this stage. Nonetheless, 
based on these preliminary results, it seemed unlikely that glutamate would play a 
major role as a mediator of odontoblast-TG neuron communication. Therefore, 
further experiments, described in Chapter 6, focused on ATP rather than glutamate 
signalling. 
5.4.4 TG NEURON SENSITISATION ASSAY 
The observation that increasing concentrations of AITC, capsaicin, and ATP 
successfully increased the proportion of responding cultured mouse TG neurons, or 
the amplitude of their responses, demonstrated a window for potentiation of TRPA1 
and TRPV1 ion channel, as well as purinergic P2 receptor, activity on TG neurons. 
Two well-established inflammatory mediators, namely tumour necrosis factor alpha 
(TNFα) and interleukin 1 beta (IL-1β), were chosen for the initial TG neuron 
sensitisation experiments, in order to validate the assay and provide more 
information about their potential sensitising effects on the above targets. 
The chosen concentration of TNFα (30 ng/ml) was based on a previous study by Khan 
and colleagues (2008), who demonstrated the TNFα-dependent sensitisation of rat TG 
neuron responses to capsaicin (25 nM). A similar concentration of capsaicin (20 nM) 
was used in the present study. The chosen concentration of IL-1β (10 ng/ml) was also 
previously demonstrated to cause an increase in the excitability of DRG neurons 
(Binshtok et al., 2008). The sensitising effects in both studies were observed following 
the neuron pre-treatment for up to 30 minutes. Therefore, the pre-treatment duration 
of 1 hour was expected to produce a detectable sensitisation of TG neurons in the 




The findings from the short-term sensitisation experiments again highlighted the 
difference between TRPV1 and TRPA1. The proportion of neurons responsive to 
capsaicin was the main parameter increased after the pre-treatment of TG neurons 
with TNFα, whereas an identical pre-treatment caused a significant increase only in 
the magnitude of the responses to AITC among the AITC-sensitive neurons. The 
specificity of these neuronal responses to the activation of TRPV1 and TRPA1 was 
also supported by their absence in TG neurons from the TRPV1 and TRPA1 knock-
out mice, respectively. It is currently unclear whether these changes represent a 
decrease in the channel activation threshold or increase of the channel expression in 
the neuronal cell membranes, or both, as the identification of the mechanisms 
responsible for the sensitisation observed in each case was not possible from these 
preliminary experiments. However, Meng and co-workers (2016) demonstrated 
TNF-induced vesicular co-trafficking of TRPV1 and TRPA1 ion channels to the 
trigeminal neuron plasma membrane, which is likely to be one of the mechanisms 
underlying the observations from the present study. 
Unexpectedly, a decrease in the percentage of TG neurons responding to ATP was 
detected following the short-term pre-treatment with TNFα. While this finding was 
statistically significant, its biological significance is unclear, as the overall percentage 
of ATP-sensitive neurons in the vehicle group was considerably higher than in the 
previous concentration-response experiments. However, a significantly different 
cumulative distribution of individual TG neuron responses to the P2X agonist α,β-
meATP, following the short-term pre-treatment with TNFα, combined with a trend 
towards a reduction in the percentage of neurons responding to α,β-meATP, support 
the presence of a TNFα-mediated negative effect on purinergic P2 receptor activity. 
Since ATP has previously been reported to trigger TNFα release (Hide et al., 2000), 
this could potentially represent a negative feedback mechanism in TNFα signalling.  
In contrast to TNFα, no sensitisation of TG neurons could be detected after either the 
short-term (1-hour) or the long-term (24-hour) pre-treatments with IL-1β. Again, the 
recently available mouse TG neuron RNA-seq data (Lopes et al., 2017) provided a 
likely explanation, as the gene encoding TNFα receptor TNFR1, but not interleukin 1 




IL-1β-dependent sensitising effects on TG neurons are indirect, via IL-1R1 receptors 
on non-neuronal cells. In that case, the inability to detect any direct IL-1β-mediated 
sensitisation of TG neuron activity would support the accuracy of the assay. On the 
other hand, TNFα-mediated sensitisation could also not be detected following the 
long-term (24-hour) pre-treatment. This might represent a methodological issue. One 
modification of the experimental runs that was made after the short-term 
sensitisation experiments testing the effects of TNFα was the inclusion of a challenge 
with a high concentration of capsaicin (1 µM) just before the final application of 
potassium chloride in the subsequent short-term and long-term sensitisation 
experiments. This was done to identify the TRPV1-expressing TG neuron population 
among all viable neurons. However, it was noticed that those neurons that responded 
to 1 µM capsaicin displayed reduced response amplitude to subsequent KCl 
application. As the maximum Fura-2AM ratio change in response to KCl was used 
for the calculations of each TG neuron response size to the test compound, this 
reduction was predicted to artificially alter the calculated response amplitudes. 
Therefore, the response to either 50 mM KCl or 1 µM capsaicin, whichever was 
greater, was used as a maximum response in the analysis of short-term IL-1β and 
long-term TNFα and IL-1β experiments. It was not anticipated that TNFα or IL-1β 
would sensitise TG neuron responses to such a high concentration of capsaicin. 
However, a recent study demonstrated a significant enhancement of rat TG neuron 
responses to 1 µM capsaicin, following a 24-hour pre-treatment with TNFα (Meng et 
al., 2016). Indeed, the comparison of the proportion of TG neurons sensitive to 1 µM 
capsaicin, as identified in the present study, also revealed a statistically significant 
increase in response to the long-term pre-treatment with TNFα and IL-1β, but not 
the short-term pre-treatment with IL-1β. This not only supports the sensitisation of 
TRPV1 by these inflammatory mediators, but also provides a potential explanation 
for the lack of potentiation of TG neuron responses to the low concentrations of 
AITC and capsaicin, observed in the long-term sensitisation experiments. Since both 
TRPA1 and TRPV1 are expressed in the population of TRPV1-positive neurons that 
are sensitive to the high concentration of capsaicin, any inflammatory mediator-
dependent increase in the proportion of TG neurons sensitive to 1 µM capsaicin 
would affect the calculated TG neuron response sizes to either 2 µM AITC or 20 nM 




application, without the preceding application of 1 µM capsaicin, is the preferred 
strategy for studying the potential sensitisation of TG neuron responses to these 
agonists in the future. 
The finding that 24-hour pre-treatment with IL-1β potentiated TG neuron responses 
to 1 µM capsaicin again poses a question about the underlying mechanism. If IL-1R1 
is not present on TG neurons, this effect would indicate the presence of non-neuronal 
cells, most likely satellite glia, in TG neuron cultures. This would not be completely 
unexpected, as no additional purification steps, such as the filtering of TG neuron 
cell suspension through a bovine serum albumin (BSA) gradient or the use of any 
anti-mitotic chemical agents, were included in the present protocol to ensure the 
depletion of non-neuronal cells. At the same time, this better replicates the in vivo 
situation, where any interactions between neuronal and non-neuronal cells are 
intact.  
To sum up, the optimised calcium imaging-based in vitro assay is sufficiently 
sensitive to detect the sensitisation of TRPA1 and TRPV1 ion channels on cultured 
TG neurons and could be used to test other inflammatory mediators or bacterial 
products that are relevant to the inflammatory odontogenic pain for their ability to 
sensitise TG neurons. A different strategy was adopted for studying the potential role 
of TG neuron interaction with odontoblasts in dentine hypersensitivity, which will 





Signalling between odontoblast-like 
cells and trigeminal ganglion 
neurons in co-cultures 
6.1 Introduction 
6.1.1 STUDYING INTERCELLULAR INTERACTIONS IN THE TEETH USING CO-
CULTURES 
Chapters 3-5 of this thesis discussed characterisation of the two main cell types 
proposed to be involved in dental pain initiation using monocultures of either mouse 
odontoblast-like (OB) cells or mouse trigeminal ganglion (TG) neurons. However, the 
interaction between different types of cells can also be directly investigated in co-
cultures in vitro (reviewed by Goers et al. (2014)). Several studies using co-cultures to 
investigate intercellular interactions in the teeth have been identified in the 
literature. For instance, Lillesaar and colleagues (1999; 2001) demonstrated that both 
dental pulp tissue explants and cultured pulpal cells, but not 3T3 fibroblastic cells, 
promote neurite outgrowth from co-cultured TG tissue explants via the secretion of 
neurotrophic factors. Neurite outgrowth also occurs towards odontoblasts in 
odontoblast-TG neuron co-cultures (Maurin et al., 2004). Dental tissues were later 




observed in both conventional co-cultures with TG neurons (Lillesaar & Fried, 2004) 
and compartmentalised microfluidic co-culture systems (Pagella et al., 2014). While 
these studies primarily focused on the developmental processes of tooth innervation, 
the findings support the ability of signals from non-neuronal cells in the teeth, 
including odontoblasts, to affect TG neurons. 
With regard to pain-relevant odontoblast communication with TG neurons, Allard 
and co-workers (2006) demonstrated clustering of voltage-gated sodium channel 
subunits at locations of interaction between odontoblasts and TG neurons in co-
cultures and proposed ephaptic transmission, which involves current flow through 
the extracellular space, as a means of action potential propagation from odontoblasts 
to TG neurons. On the other hand, co-culture studies performed by another research 
group later provided evidence for a less controversial mechanism of signal 
transmission that involves ATP- or glutamate-dependent paracrine signalling from 
mechanically stimulated odontoblasts to TG neurons (Shibukawa et al., 2015; 
Nishiyama et al., 2016), as discussed in Chapters 3 and 5. The ability of OB cells to 
communicate with TG neurons in co-cultures via paracrine signalling, involving ATP 
as a mediator, was evaluated in this study. 
6.1.2 OBJECTIVES OF THE PRESENT STUDY 
Specific objectives of the experiments described in this chapter are as follows: 
 To establish an OB cell and TG neuron co-culture that would enable 
simultaneous calcium imaging of both cell types, allowing direct detection of 
any intercellular communication. 
 To investigate using calcium imaging of OB-TG neuron co-cultures whether 
stimulation of TRPV4 ion channels on OB cells is sufficient to activate and/or 
sensitise the adjacent TG neurons. 
 To examine the role of ATP as a mediator of any OB-dependent effects on TG 




6.2 Materials and methods 
6.2.1 REAGENTS 
Apyrase (from potatoes, grade III) was obtained from Sigma, whereas PPADS 
tetrasodium salt was obtained from Tocris. For information on other reagents used 
in multiple chapters see Chapter 2 (section 2.2). Apyrase and PPADS were initially 
dissolved in dH2O and further diluted on the day of the experiment to the appropriate 
concentration in culture medium, as indicated in subsequent sections.  
6.2.2 MIXED ODONTOBLAST-LIKE CELL AND TG NEURON CO-CULTURES 
Mouse odontoblast-like (OB) cells were seeded directly onto sterile round glass 
coverslips and grown in the differentiating medium (formulation in Chapter 2, 
section 2.3.1) in 4-well plates until confluence. Primary mouse TG neurons were 
dissociated as described in Chapter 2 (section 2.3.2), resuspended in pre-warmed 
supplemented F12-based TG neuron culture medium, and plated onto the OB cell 
monolayer (see Figure 6.1A for illustration) in a sufficient volume to cover the 
coverslip (approximately 30-40 l). After allowing the TG neurons to attach for 20-
30 minutes at 37°C, the wells were flooded with a 1:1 mix of the differentiating OB 
culture medium and supplemented F12-based TG neuron culture medium (to 500 l). 
Co-cultures were maintained in a humidified incubator at 37°C and 5% CO2. 
6.2.3 CALCIUM IMAGING OF OB-TG NEURON CO-CULTURES 
OB-TG neuron co-cultures were used for calcium imaging experiments 24-48 hours 
after the plating of TG neurons. The co-cultures were loaded with Fura-2AM (4 M) 
for 1 hour at 37°C in either the standard extracellular solution (ECS; in the case of 
experiments where ECS was also used for perfusing the cells during the experimental 
runs) or fresh co-culture medium (in the case of experiments where calcium imaging 
was performed in the complete OB culture medium). The co-cultures were imaged 
through the glass coverslip using an inverted microscope-based system, as described 





Figure 6.1 Illustration of OB-TG neuron co-culture calcium imaging experiments 
A) Mixed odontoblast-like cell (OB) and trigeminal ganglion (TG) neuron co-cultures were 
established by plating dissociated mouse TG neuron cell suspension onto a confluent 
monolayer of mouse OB cells. B) Example images of OB-TG neuron co-culture baseline Fura-
2AM fluorescence measured at 510 nm in response to excitation at two different wavelengths 
(340 nm and 380 nm). While bright round TG neuron cell bodies are clearly visible, OB cell 
fluorescence forms the background and is less well-defined. 
Initial co-culture calcium imaging experiments involved a baseline recording of Fura-
2AM fluorescence ratio (F340/F380) during the perfusion of either ECS or complete OB 
culture medium onto the cells, as indicated. The cells were then perfused with either 
the TRPV4 agonist GSK1016790A (100 nM) or a corresponding DMSO vehicle (0.01% 






minutes after stopping the flow of the solutions. The cells were then washed with 
either ECS or the complete OB medium, as appropriate, and subsequently exposed to 
ATP, capsaicin (CAPS), and KCl. TG neurons could be distinguished from OB cells 
based on the greatest increase in F340/F380 in response to KCl or CAPS, whereas OB 
cells displayed the greatest increase in F340/F380 in response to GSK1016790A or ATP. 
It should be noted that while care was taken to select and include all viable TG 
neurons present in the field of view in the analysis, only several traces of OB cell 
responses are shown due to the difficulty selecting individual fluorescent OB cells. 
Further calcium imaging experiments involved pre-exposure of OB-TG neuron co-
cultures to either a purinergic P2 receptor blocker PPADS (100 M) or a 
corresponding dH2O vehicle for 1 hour at 37°C, during the incubation of the cells 
with Fura-2AM. Moreover, co-cultures were perfused with a combination of PPADS 
and apyrase enzyme or respective vehicles for 1 minute, followed by another 5 
minutes of incubation after stopping the solution flow. The application of 
GSK1016790A was performed in the presence of both apyrase and PPADS, whereas 
ATP was applied after washing off apyrase, only in the presence of PPADS. To 
minimise the possibility of detecting false positive responses, the pattern of switching 
between the solutions was also replicated in vehicle experimental runs. The initial 
baseline was used for the analysis of all TG neurons, as previously, whereas analysis 
that excluded the neurons responding to the first vehicle/inhibitor application used 
the initial baseline for calculating response sizes to vehicles/inhibitors and KCl, but 
a separate baseline (an average of 30 seconds before GSK1016790A application) was 
used for calculating TG neuron response sizes to GSK1016790A, ATP, and capsaicin. 
This was done to ensure that any shift in the baseline caused by the initial 
vehicle/inhibitor application did not artificially increase the amplitudes of 
subsequent TG neuron responses (see Figure 6.2 for illustration). TG neurons 
included in the latter analysis displayed an increase in F340/F380 in response to the 
first vehicle/inhibitor application of less than 20% of the maximum response (either 





Figure 6.2 Illustration of baselines used for the analysis of co-culture calcium 
imaging experiments 
Initial baseline (B1; average Fura-2AM fluorescence ratio from the first 60 seconds) was 
typically used for the analysis of both monoculture and co-culture calcium imaging 
experiments, except for the co-culture experiments that involved pre-exposure of TG 
neurons to the inhibitors of ATP signalling (PPADS and apyrase) or their vehicles. In that 
case, B1 baseline was used for calculating all TG neuron responses to all compounds tested 
(red arrows), whereas the analysis that excluded the responders to the initial vehicle or 
inhibitor application used B1 baseline for calculating the size of the first vehicle/inhibitor 
response and the last/maximum response to KCl, but B2 baseline (average of 30 seconds 
before the second compound application) was used for calculating the size of subsequent 
responses (green arrows) to 1) vehicles/inhibitors combined with GSK1016790A (GSK101), 2) 
ATP and 3) capsaicin (CAPS). 
6.2.4 STATISTICS 
Differences in the percentage of responding TG neurons were analysed using Fisher’s 
exact test. Two-way ANOVA with Bonferroni’s multiple comparisons test was used 
to compare the amplitudes of TG neuron responses. 
6.3 Results 
6.3.1 ACTIVATION OF TRPV4 ON OB CELLS MODULATES TG NEURON 
ACTIVITY IN OB-TG NEURON CO-CULTURES 
Based on the evidence for TRPV4 ion channel functional expression in OB cells (as 
discussed in Chapter 3), but not in mouse TG neurons (Chapter 5),  pharmacological 




effects of OB activation on TG neuron activity in OB-TG neuron co-cultures. Calcium 
imaging experiments performed in the standard extracellular solution (ECS) detected 
increased intracellular Ca2+ concentrations ([Ca2+]i) above vehicle levels in OB cells, 
but not in TG neurons, in response to the TRPV4 agonist GSK1016790A (100 nM) 
application (Figure 6.3). However, as demonstrated in Chapter 3, ECS provides 
suboptimal conditions for ATP release from stimulated OB cells. Therefore, 
subsequent calcium imaging experiments were performed in complete OB culture 
medium, which did not seem to interfere with the Fura-2AM fluorescence detection. 
In these experiments, increased [Ca2+]i in response to GSK1016790A, but not to the 
corresponding DMSO vehicle, was detected in both OB cells and some TG neurons 
(see Figure 6.4). However, response profiles were different between the two cell 
types. While the increase in [Ca2+]i in OB cells was generally sudden and persisted 
throughout the duration of experimental runs, TG neurons demonstrated either a 
short-lasting or a delayed gradual increase in [Ca2+]i (Figure 6.4C). 
Quantification of TG neuron responses from the above experiments revealed a 
significantly greater proportion of TG neurons activated by the exposure of OB-TG 
neuron co-cultures to GSK1016790A (23.4%), compared with vehicle (7.9%), in OB 
culture medium (p < 0.001), whereas only a small percentage of TG neurons 
responded to either vehicle or GSK1016790A treatments (1.4% and 1.7%, respectively) 
in ECS (see Figure 6.5A). Although the amplitude of TG neuron responses following 
the treatment of co-cultures with GSK1016790A was also slightly increased in OB 
medium, compared with the corresponding vehicle (Figure 6.5B), this increase was 
not statistically significant (p = 0.51).  
The proportion of TG neurons sensitive to the subsequent application of ATP (50 
M) was relatively consistent in the vehicle and GSK1016790A experimental runs 
performed in ECS, as well as vehicle runs in OB medium (31.9-38.0%). However, a 
significantly greater proportion of TG neurons (54.9%; p < 0.001, compared with the 
corresponding vehicle) responded to ATP following the GSK1016790A treatment of 
OB-TG neuron co-cultures in OB medium. The amplitude of TG neuron responses to 




A similar pattern was observed with subsequent TG neuron responses to the TRPV1 
agonist capsaicin (1 M), where the treatment of OB-TG neuron co-cultures with 
GSK1016790A in OB medium significantly increased the proportion of TG neurons 
sensitive to capsaicin, compared with the vehicle for GSK1016790A (53.5% and 41.5%, 
respectively; p = 0.008), with no such increase detected in the experiments performed 
in ECS. However, the amplitude of TG neuron responses to capsaicin was 
significantly smaller following the treatment of co-cultures with GSK1016790A in OB 
medium, compared with the corresponding vehicle (p = 0.002). 
Overall, this provided sufficient evidence that stimulated OB cells can modulate TG 
neuron activity in OB-TG neuron co-cultures, but only when experiments are 
performed in complete OB culture medium. Therefore, further calcium imaging 









Figure 6.3 Calcium imaging of OB-TG neuron co-cultures in the standard 
extracellular solution (ECS) 
A) Example pseudocolour images of TG neuron responses to the treatment of OB-TG neuron 
co-cultures with the TRPV4 agonist GSK1016790A (GSK101 (100 nM); bottom panel) or a 
corresponding vehicle (0.01% DMSO; top panel), followed by ATP (50 µM), capsaicin (CAPS; 
1 µM), and potassium chloride (KCl; 50 mM). The arrows in A indicate the same TG neurons 
as the corresponding colour-coded traces in B and C. The calcium image colour range 
represents Fura-2AM fluorescence ratio. B) Representative traces demonstrating the lack of 
OB cell and TG neuron responses to the DMSO vehicle application in experimental runs 
performed in ECS. C) Representative traces of OB cell responses to the TRPV4 agonist 
GSK1016790A (blue truncated lines). No increase in TG neuron (black and grey solid lines) 
Fura-2AM fluorescence ratio could be detected in experimental runs performed in ECS.









































Figure 6.4 Calcium imaging of OB-TG neuron co-cultures in OB culture medium 
Example pseudocolour images of TG neuron responses to the treatment of OB-TG neuron 
co-cultures with the TRPV4 agonist GSK1016790A (GSK101 (100 nM); A) or a corresponding 
vehicle (0.01% DMSO; B), followed by ATP (50 µM), capsaicin (CAPS; 1 µM), and potassium 
chloride (KCl; 50 mM). The arrows in A and B indicate the same TG neurons as the 
corresponding colour-coded traces in C and D. The calcium image colour range represents 
Fura-2AM fluorescence ratio. C) Representative traces from experimental runs testing the 
effects of DMSO vehicle application on OB-TG neuron co-cultures, which caused no 
significant increase in Fura-2AM fluorescence ratio in either cell type. D) Representative 
traces of OB (blue truncated lines) responses to the TRPV4 agonist GSK1016790A and 

















Figure 6.5 Activation of TRPV4 on OB cells modulates TG neuron activity in co-
culture calcium imaging experiments performed in OB medium, but not in ECS. 
A) In OB culture medium, but not in ECS, stimulation of OB cells with the TRPV4 agonist 
GSK1016790A (100 nM) indirectly activated a proportion of TG neurons in OB-TG neuron 
co-cultures and increased the percentage of TG neurons responding to subsequent 
applications of ATP (50 M) and the TRPV1 agonist capsaicin (1 M). **p < 0.01; ***p < 0.005 
vs. respective vehicle (Fisher’s exact test). B) The amplitude of TG neuron responses was 
generally unaffected by OB stimulation with GSK1016790A, with the exception of decreased 
capsaicin response size in the experiments performed in OB medium. Data are presented as 
mean response sizes expressed as a percentage of maximum response for that experimental 
run (either to 50 mM KCl or 1 M capsaicin) ± SEM. **p < 0.01 vs. respective vehicle (two-
way ANOVA with Bonferroni’s post hoc test). ECS: n = 6 (71-182 neurons from 3 mice); OB 































6.3.2 OB-DRIVEN MODULATION OF TG NEURON ACTIVITY INVOLVES ATP 
SIGNALLING 
To investigate the potential involvement of ATP in the OB-driven modulation of TG 
neuron activity, a combination of a non-selective P2 purinergic receptor antagonist 
PPADS and an ATP hydrolysing enzyme apyrase was used to inhibit ATP signalling. 
Following the application of GSK1016790A to the OB-TG neuron co-cultures, TG 
neuron, but not OB cell, responses were affected by the inhibition of ATP signalling 
(see Figure 6.6). Some TG neurons demonstrated increased F340/F380 ratio in response 
to both consecutive vehicle/inhibitor applications, irrespective of the presence of 
GSK1016790A in the treatment solution. The proportion of such responders to the 
first compound application was greater among the neurons exposed to the inhibitors, 
compared with those exposed to the respective vehicles (p = 0.019; Figure 6.7A). On 
the other hand, a greater proportion of TG neurons displayed increased [Ca2+]i in 
response to the treatment of OB-TG neuron co-cultures with GSK1016790A in 
vehicle than in inhibitor experimental runs, although this difference was not 
statistically significant (p = 0.064). However, exposure of co-cultures to the inhibitors 
of ATP signalling significantly decreased the proportion of TG neurons sensitive to 
subsequent applications of ATP and capsaicin (p < 0.001 and p = 0.025, respectively). 
The amplitude of TG neuron responses was not significantly affected by the 
inhibitors of ATP signalling (Figure 6.7B). 
Based on the observation that more TG neurons respond to the first treatment 
(PPADS and apyrase) than to the identical vehicle application, it was speculated that 
these responses could potentially be masking any effect of ATP signalling inhibition 
on TG neuron responses during the second treatment (a combination of PPADS, 
apyrase, and GSK1016790A). The analysis was then repeated only on those TG 
neurons that did not respond to the initial vehicle or inhibitor application. This did 
not affect the proportion of TG neurons responding to ATP or capsaicin, or the 
amplitude of TG neuron responses to any of the agonists (Figure 6.8). However, the 
proportion of TG neurons sensitive to the exposure of OB-TG neuron co-cultures to 
GSK1016790A was found to be statistically significantly lower in the inhibitor 















Figure 6.6 Calcium imaging of OB-TG neuron co-cultures in the presence of 
inhibitors of ATP signalling  
Example pseudocolour images of TG neuron responses to the exposure of OB-TG neuron co-
cultures to the TRPV4 agonist GSK1016790A (GSK101 (100 nM)), followed by ATP (50 µM), 
capsaicin (CAPS; 1 µM), and potassium chloride (KCl; 50 mM), in the presence of A) vehicle 
or B) P2 purinergic receptor inhibitor PPADS (100 M) and apyrase enzyme (10U/ml), as 
indicated. The arrows in A and B indicate the same TG neurons as the corresponding colour-
coded traces in C and D. The calcium image colour range represents Fura-2AM fluorescence 
ratio. Some TG neurons in both inhibitor and vehicle experimental runs displayed 
intracellular Ca2+ concentrations that were increased in response to both vehicle/inhibitor 


















Figure 6.7 OB-driven modulation of TG neuron activity in OB-TG neuron co-
cultures involves ATP signalling 
A) Inhibition of ATP signalling by the purinergic P2 receptor antagonist PPADS and apyrase 
enzyme significantly reduced the proportion of TG neurons responding to ATP (50 M) and 
the TRPV1 agonist capsaicin (1 M), following the application of the TRPV4 agonist 
GSK1016790A (100 nM). However, inhibitors of ATP signalling themselves activated a 
proportion of TG neurons above respective vehicle levels, potentially masking any effect on 
TG neuron responses to the TRPV4 activation on OB cells. ns = not statistically significant, 
p > 0.05; *p < 0.05; ***p < 0.005 vs. respective vehicle (Fisher’s exact test). B) Inhibition of ATP 
signalling did not affect the amplitude of TG neuron responses. Data are mean response sizes 
expressed as a percentage of maximum response for that experimental run (either to 50 mM 
KCl or 1 M capsaicin) ± SEM. ns = not statistically significant, p > 0.05 (two-way ANOVA). 








































































Figure 6.8 TRPV4 activation on OB cells causes ATP-dependent stimulation of TG 
neurons in OB-TG neuron co-cultures 
A) When only those TG neurons that do not respond to the first vehicle/inhibitor application 
are included in the analysis, a significant reduction in the proportion of TG neurons sensitive 
to the activation of TRPV4 on OB cells could be detected following the treatment of OB-TG 
neuron co-cultures with the purinergic P2 receptor antagonist PPADS and apyrase enzyme. 
*p < 0.05; ***p < 0.005 (Fisher’s exact test). B) Analysis of TG neurons that did not respond to 
the initial vehicle/inhibitor application did not reveal any effect on the amplitude of TG 
neuron responses following the inhibition of ATP signalling. Data are mean response sizes 
expressed as a percentage of maximum response for that experimental run (either to 50 mM 
KCl or 1 M capsaicin) ± SEM. ns = not statistically significant, p > 0.05 (two-way ANOVA). 
































6.4.1 ODONTOBLAST-DEPENDENT ACTIVATION OF TG NEURONS AND 
METHODOLOGICAL CONSIDERATIONS FOR CO-CULTURE STUDIES 
The ability to modulate the activity of adjacent neurons in the teeth is essential for 
the proposed role of odontoblasts as sensory cells. In the present study, an OB cell-
TG neuron co-culture was successfully established, and a calcium imaging-based 
method was optimised for the detection of an indirect, OB-dependent activation of 
TG neurons in OB-TG neuron co-cultures.  
The initial observation that, despite the successful activation of TRPV4 channels on 
OB cells, co-cultured TG neurons displayed no increase in intracellular Ca2+ 
concentrations ([Ca2+]i) when calcium imaging experiments were performed in the 
standard extracellular solution (ECS), is consistent with the findings in Chapter 3. 
There, despite the detection of a TRPV4-dependent increase in [Ca2+]i in OB cells that 
occurs in ECS, a significant increase in ATP release from OB cells, stimulated with 
the same selective TRPV4 agonist, occurred only in complete OB cell culture medium, 
but not in ECS. When co-culture calcium imaging experiments were repeated in OB 
medium, a significantly greater proportion of TG neurons displayed increased [Ca2+]i 
in response to the TRPV4 activation on OB cells. This suggests that the amounts of 
mediators, such as ATP, released from stimulated OB cells are sufficient to activate 
adjacent TG neurons under those conditions. It might be speculated that different 
response profiles among the TG neurons in co-cultures correspond to their activation 
either by different mediators released from OB cells or via different receptors 
detecting the same mediator, such as ionotropic P2X and metabotropic P2Y receptors 
for ATP. A potential issue with the co-culture method used in this study, where TG 
neurons are added onto the layer of OB cells, is related to the imaging of TG neurons 
through OB cells, which might result in OB cell responses being mistaken as TG 
neuron responses. However, distinct response profiles to the TRPV4 agonist observed 
between the two types of cells in co-cultures suggest that increased Fura-2AM 
fluorescence ratio in TG neurons is not simply an artefact from fluorescence changes 




TG neurons in the compartmentalised microfluidic co-culture systems. This would 
not only allow the use of separate culture media optimised for that particular cell 
type and enable isolated treatment of only one type of cell at a time, but also represent 
a more biologically relevant situation, where neurites, rather than TG neuron cell 
bodies, are in close proximity with OB cells. 
The fact that various cell-based in vitro assays are typically performed in solutions 
that are similar in composition to the ECS used in this study calls into question 
whether they sufficiently reflect the in vivo situation, particularly when studying 
intercellular interactions. On the other hand, it is also unclear how the presence of 
multiple additional factors in the serum-containing complete culture medium 
compares with the conditions present in vivo. The observation that TG neuron 
responses to ATP or the TRPV1 agonist capsaicin detected in co-culture calcium 
imaging experiments performed in OB medium were not different from the ones 
detected in either co-culture (this chapter) or monoculture (Chapter 5) experiments 
performed in ECS does not support the presence of any unintended sensitisation of 
TG neurons by the components of OB medium. At the same time, a slightly greater 
proportion of TG neurons responding to the DMSO vehicle was detected in co-
culture calcium imaging experiments performed in OB medium, compared with the 
previous findings in ECS. Since direct comparisons were always made between 
vehicle and treatment experiments performed under the same conditions, this did not 
affect the identification of TG neuron responses arising specifically from the TRPV4 
activation in OB cells.  
However, in the subsequent experiments that involved the pre-treatment of OB-TG 
neuron co-cultures with the inhibitors of ATP signalling (PPADS and apyrase), these 
agents significantly increased [Ca2+]i in TG neurons above the vehicle levels detected 
in OB medium, suggesting additional activation of TG neurons, either directly or via 
stimulation of OB cells in co-cultures. Alternatively, it can be speculated that these 
agents might have affected the Ca2+ binding affinity or dissociation constant 
properties of Fura-2AM. Analysis of only those TG neurons that did not display the 
initial increase in [Ca2+]i caused by ATP signalling inhibitors or their respective 




sensitive to the stimulation of TRPV4 ion channels on co-cultured OB cells, 
supporting the involvement of ATP signalling in OB-dependent activation of TG 
neurons. This is consistent with the findings of Shibukawa and colleagues (2015), 
who detected ATP-dependent activation of TG neurons following mechanical 
stimulation of co-cultured odontoblasts. 
While there is no obvious reason why exclusion of TG neurons that respond to the 
first application of ATP signalling inhibitors or their vehicles from the analysis would 
specifically affect the proportion of responders to the TRPV4 agonist, different 
strategies could be employed in the future experiments to help avoid this issue and 
provide more information about the involvement of ATP signalling in OB-dependent 
TG neuron activation. The use of selective P2 purinergic receptor inhibitors would 
help to further investigate the exact receptors involved in the proposed ATP-
dependent activation of TG neurons that occurs following OB cell stimulation. So far, 
selective inhibition of each purinergic receptor P2X3, P2Y1, and P2Y12 has been 
demonstrated to reduce, but not completely block, TG neuron activation in response 
to the mechanical stimulation of co-cultured odontoblasts (Shibukawa et al., 2015). 
Moreover, to avoid any artefacts from pharmacological pre-treatments, supporting 
evidence could be provided by repeating co-culture calcium imaging experiments 
using TG neurons from mice lacking those P2 receptors that are identified as the 
most relevant using the pharmacological approach. 
6.4.2 ODONTOBLAST-DEPENDENT SENSITISATION OF TG NEURON ACTIVITY 
VIA ATP SIGNALLING 
In addition to the OB-dependent activation of TG neurons, co-culture experiments 
revealed an increased proportion of TG neurons sensitive to ATP and capsaicin, 
following the treatment of OB-TG neuron co-cultures with the TRPV4 agonist. Based 
on the evidence supporting the lack of TRPV4 ion channels on TG neurons discussed 
in Chapter 5, and the fact that the same responses are not observed in the co-culture 
calcium imaging experiments performed in ECS, it is unlikely that this sensitisation 




cells could be co-cultured with TRPV4-deficient TG neurons to clarify the mechanism 
of the observed sensitisation. 
In theory, the increased percentage of TG neurons responding to the ATP treatment 
of OB-TG neuron co-cultures might represent an ATP-induced ATP release from OB 
cells, a phenomenon reported in other non-neuronal cells, such a astrocytes 
(Anderson et al., 2004). However, the fact that a significant increase in the proportion 
of TG neurons responding to ATP only occurs after the treatment with the TRPV4 
agonist in OB medium points to the OB-dependent sensitisation of purinergic P2 
receptors. This might represent either an ATP-dependent sensitisation or the 
involvement of other mediators released from stimulated OB cells. While some 
contribution of the latter mechanism cannot be excluded at this stage, inhibition of 
ATP signalling in the subsequent co-culture calcium imaging experiments prevented 
the increase in ATP-sensitive TG neurons, demonstrating the involvement of ATP as 
the main mediator of such sensitisation. 
Similarly, both ATP and other factors released from stimulated OB cells might 
contribute to the increase in the proportion of TG neurons responding to capsaicin, 
detected after the treatment of OB-TG neuron co-cultures with the TRPV4 agonist. 
However, again, inhibition of ATP signalling prevented this, pointing to the ATP-
dependent sensitisation of TRPV1 ion channels as an underlying mechanism. 
Although such sensitisation of TG neurons has already been described in the 
literature (Saloman et al., 2013), this is the first demonstration that stimulated 
odontoblasts can sensitise TRPV1 ion channels on adjacent TG neurons in co-
cultures. While a statistically significant decrease in the amplitude of TG neuron 
responses to capsaicin was simultaneously observed following exposure of co-
cultures to the TRPV4 agonist, this likely occurs due to a greater proportion of the 
same neurons having already responded to ATP during experimental runs (44.8% of 
GSK1016790A-treated TG neurons responded to both ATP and capsaicin, compared 
with 22.3% of vehicle-treated TG neurons). 
Collectively, the findings described in this chapter suggest that ATP signalling is 
involved in the direct odontoblast-driven activation and/or sensitisation of 




odontoblasts and TG neurons may play an important role in the initiation of dental 






The importance of studying the trigeminal nociceptive system, rather than relying 
on the findings from the spinal nociceptive system, is being increasingly recognised, 
as indicated by a steady rise in the number of relevant publications (Hargreaves, 
2011). However, dentistry-related issues, including odontogenic pain, deal with the 
unique structures of the tooth and are, to some extent, overlooked from the basic 
science perspective. This might be related to the availability of non-pharmacological 
treatment strategies, such as dental treatments or tooth extractions, in the case of 
odontogenic pain associated with pulpal inflammation, or dentinal tubule occlusion, 
in the case of dentine hypersensitivity. This thesis aimed to expand the knowledge 
on the cellular and molecular mechanisms of odontogenic pain, with a focus on two 
types of cells, odontoblasts and neurons, and their interaction. 
7.1 Summary of key findings 
The key findings and contributions of the work described in this thesis are as follows 
(see Figure 7.1 for illustration): 
 Differentiated mouse dental pulp 17IA4 cells display an odontoblast-like (OB) 
phenotype and provide a suitable cellular model for studying odontoblast 




 OB cells express functional TRPV4 ion channels and mRNA for ASIC1, ASIC3, 
TRPM7, and TRPV1, but not TRPA1 or TRPC5 (new findings from this 
particular cell line; extension of previous knowledge on odontoblasts and 
odontoblast-like cells in general; a new finding regarding TRPC5 expression in 
odontoblasts). 
 Pharmacological activation of TRPV4 stimulates ATP release from OB cells 
(confirmation of previous observations in odontoblast-like cells from different 
species), with preliminary evidence suggesting simultaneous glutamate 
release (a new finding). 
 Biologically relevant extracellular acidification stimulates ATP release from 
OB cells, without affecting their viability. TRPV4 is not involved in acid 
detection by OB cells (both new findings). 
 Trigeminal ganglion (TG) neurons express functional ATP receptors, 
including P2X3, P2Y1, and P2Y2. Glutamate activated a negligible proportion 
of TG neurons (functional data provided extends previous knowledge). 
 A calcium imaging-based assay was optimised to detect the sensitisation of 
TRPA1 and TRPV1 ion channels on TG neurons (a methodological 
contribution). The assay was validated using prototypical inflammatory 
mediators IL-1β and TNFα. Short-term exposure to TNFα, but not to IL-1β, 
sensitised TRPA1 and TRPV1 on TG neurons. 
 A mixed OB cell-TG neuron co-culture was successfully established (a 
methodological contribution).  
 The amount of ATP released from OB cells in response to TRPV4 activation 
was sufficient to activate co-cultured TG neurons (an extension of previous 
knowledge) and sensitise their responses to subsequent purinergic receptor 









Based on the presence of TRPV4 mRNA transcripts and calcium flux data, odontoblasts 
express functional TRPV4 ion channels. Dentinal fluid movement in response to stimulation 
of exposed dentine might activate TRPV4, resulting in an increase in odontoblast 
intracellular Ca2+ concentrations ([Ca2+]i) and ATP release via an unknown mechanism, 
likely not involving vesicular exocytosis or pannexin (e.g. Panx1 or Panx3) or connexin (e.g. 
Cx43) channels. Glutamate is also released in response to TRPV4 activation. Acids of bacterial 
or dietary origin act via an unknown mechanism that does not seem to involve TRPV4 or 
ASIC ion channels to induce an increase in [Ca2+]i and ATP release from odontoblasts. Grey 
receptors/channels and question marks in the figure represent unknown mechanisms or 
proteins involved. Blurred, semi-transparent receptors/channels indicate that only the 
presence of mRNA, but not protein or its function, has been confirmed in this study. 
ATP released from odontoblasts can act on purinergic P2X and P2Y receptors on adjacent 
sensory nerve terminals to modulate the neuronal activity, including the sensitisation of 
responses to TRPV1 ion channel activation and ATP, as determined in the present study 
using calcium imaging. Moreover, inflammatory mediators IL-1β and TNFα, produced by e.g. 
dendritic cells, can contribute to the sensitisation of TRPV1 (long-term, IL-1β) or both TRPV1 
and TRPA1 (both short-term and long-term, TNFα). 
7.2 Odontoblasts: highly specialised mineralising cells 
with a sensory role 
Odontoblast cell layer is located at the dentine-pulp junction in the teeth (Pashley, 
1996). This position closest to the dentine and the external environment provides a 
hint as to the potential roles of odontoblasts. Their secretory and mineralising 
functions are required for the production of dentine throughout the life of the tooth 
(Goldberg et al., 2011). In the present study, multiple indicators of the secretory and 
mineralising abilities, both indirect (genetic markers) and direct (mineralisation in 
vitro), were used to confirm the successful differentiation of pre-odontoblastic 
precursor cells into the odontoblast-like cells. This was a useful strategy that enabled 
in vitro investigations into other odontoblast functions. A potential limitation of this 
strategy is the absence of direct comparisons with mature native human 
odontoblasts. However, a study by Pääkkönen and colleagues (2009) demonstrated a 
remarkable similarity between native human odontoblasts and cultured odontoblast-
like cells, with only minor differences in the gene expression levels of some 
neuropeptides, such as galanin. Future work in the area could focus on the 
improvement of the newly developed methods for isolating mature human 
odontoblasts (Cuffaro et al., 2016) to sufficiently preserve their integrity for 




establishment of new methods for direct electrophysiological recordings of the 
odontoblasts in extracted teeth. 
The main focus of this thesis was on the sensory role of odontoblasts, with potential 
relevance to dentine hypersensitivity. The presence of a functional polymodal 
sensory transducer channel TRPV4 on mouse odontoblast-like cells is consistent with 
other studies from both rodents and humans (listed in Chapter 3, section 3.1.2) and 
further supports the ability of odontoblasts to detect external (e.g. osmotic or 
mechanical) stimuli. In order to play a role in the transmission of tooth pain, 
odontoblasts must also have the ability to signal to adjacent dental afferent fibres. 
The finding that odontoblast-like cells release ATP and glutamate upon stimulation 
supports paracrine signalling as a means of odontoblast-dependent modulation of 
neuronal activity. This agrees with the finding of ATP release in human teeth in 
response to the stimulation of exposed dentine (Liu et al., 2015). Future work could 
investigate the potential interaction between ATP and glutamate signalling on both 
odontoblast and neuronal function. Another finding from the present study was that 
ATP release resulting from the pharmacological stimulation of TRPV4 did not appear 
to employ some of the main mechanisms for ATP release, including pannexin 
channels, connexin hemichannels, P2X7 receptors, and vesicular exocytosis 
(Praetorius & Leipziger, 2009). Although it would be interesting to determine the 
exact mechanism for ATP release in the future studies, the use of a physiological 
stimulus would provide more information on the odontoblast sensory role.  
The present study is the first to demonstrate odontoblast sensitivity to biologically 
relevant acids, including increased intracellular free calcium concentrations and the 
release of ATP, further supporting the sensory function of these cells and the 
potential role of ATP as a mediator of paracrine signalling from odontoblasts. 
Moreover, the observed differences in the odontoblast-like cell responses to weak 
organic acids, compared with hydrochloric acid, applied at the same pH values, 
demonstrate the activity of biological acids distinct from the activity of just protons. 
This emphasises the importance of using the experimental conditions that match the 
ones present in vivo as closely as possible when conducting in vitro studies. In 




of TRPV4 activity, it suggests that TRPV4 is not the only functional transducer in 
odontoblasts. Although ASIC mRNA transcripts were detected in the odontoblast-
like cells, preliminary findings do not support their involvement, at least in the 
pathways that stimulate ATP release. Therefore, the exact acid-sensing mechanism 
present in odontoblasts remains to be determined. This information might provide 
insights into the mechanisms of both dentine hypersensitivity to dietary acids and 
inflammatory odontogenic pain, where acids are produced by oral bacteria.  
The position of odontoblasts as the first cells to encounter invading oral bacteria or 
bacterial toxins also point to their immune role. Although this was not the focus of 
the present study, the presence of TLR2 and TLR4 receptor mRNA transcripts in 
odontoblast-like cells supports the proposed role of odontoblasts in innate immunity 
(Yumoto et al., 2018). Given that untreated caries affects as many as 2.4 billion people 
worldwide (Kassebaum et al., 2015), the processes involved in maintaining dental 
pulp homeostasis in response to a bacterial challenge are important to study further, 
particularly in relation to the mechanisms of dental pain, given its impact on patients’ 
lives (Joury et al., 2018). 
7.3 Intercellular odontoblast-neuron communication in 
odontogenic pain 
One of the hypotheses tested in the present study was that odontogenic pain involves 
intercellular communication between odontoblasts and adjacent dental primary 
afferent neurons. In the co-culture experiments, activation of TRPV4 ion channels on 
odontoblast-like cells both activated adjacent trigeminal ganglion (TG) neurons, 
indicating initiation of neuronal firing, and sensitised their responses to ATP and the 
TRPV1 activation. Although further work is required to identify the mechanisms 
responsible for the odontoblast-dependent activation and sensitisation of adjacent 
neurons, these findings support TRPV4 ion channels as potential mechanosensors 
involved in the detection of fluid movement in the dentinal tubules by odontoblasts. 
In relation to the theories of dentine hypersensitivity discussed in the introduction, 
the findings from this thesis support the most recent theory proposed by Shibukawa 




This theory combines the components of both the hydrodynamic (external stimuli 
recognition via detection of fluid movement) and odontoblast-transducer 
(odontoblasts acting as sensory cells) theories. Alternatively, if the odontoblast-
dependent increase in neuronal sensitivity to a mechanical stimulation could be 
demonstrated, our observation of the odontoblast-driven neuronal sensitisation 
could potentially also support the original hydrodynamic theory (Brannstrom et al., 
1967) of dentine hypersensitivity, suggesting that dentinal fluid movement can 
directly stimulate the nerve endings of sensitised TG neurons. A recent publication 
by Michot and co-workers (2018) provides new evidence that dental pulp sensitivity 
to cold does not depend on neuronal TRPA1 and TRPM8 ion channels. This either 
indicates the presence of an unknown cold-sensing mechanism on dental pulp 
afferents or contradicts the direct stimulation of the nerve endings suggested by the 
neural theory of dentine hypersensitivity, further supporting one of the indirect 
mechanisms mentioned above. However, further work is needed to determine the 
mechanisms underlying dentine hypersensitivity to different types of external 
stimuli. 
The findings from the present study also highlight the role of ATP as an important 
mediator of odontoblast-TG neuron communication. This supports a less well-
explored role of ATP as a sensory transmitter from non-neuronal cells, previously 
reported in other cells, such as keratinocytes and corneal epithelial cells (Oswald et 
al., 2012; Moehring et al., 2018). A similar role for glutamate in the odontoblast-TG 
neuron communication has previously been proposed in the literature (Nishiyama et 
al., 2016). However, our findings from the co-culture and monoculture experiments, 
which involved the pharmacological activation of TRPV4 as a stimulus, do not 
support this role. On the other hand, it is possible that other types of stimuli that do 
not activate TRPV4 might induce glutamate signalling more extensively. 
Overall, the findings from the present study demonstrate the utility of a co-culture 
strategy, rather than studying one cell type in isolation, particularly when the cells 
are known to be in close contact in vivo and share the same microenvironment, as in 
the case of odontoblasts and adjacent nerve fibres in the dentinal tubules. Although, 




described in this thesis, enable precise manipulation of the conditions and allow 
detailed investigations into the specific cellular and molecular processes involved. As 
previously mentioned, a strategy of co-culturing the cells in the microfluidic co-
culture systems could be utilised in the future to directly study the interactions 
between the neurites of TG neurons and odontoblasts. Moreover, patch clamp 
electrophysiological recordings could be used to supplement current calcium imaging 
data and provide more direct evidence for any odontoblast-dependent effects on the 
neuronal excitability. In fact, during the finalisation of this thesis, Sato and colleagues 
(2018) have published the findings supporting ATP-dependent action potential 
generation in TG neurons in response to mechanical stimulation of co-cultured 
odontoblasts. This is in direct agreement with our observations and strengthens the 
validity of the findings presented in this thesis. 
An additional level of complexity arises from the potential involvement of bacteria, 
immune cells, and satellite glial cells in odontogenic pain. In the present study, the 
sensitisation of TG neurons by the pro-inflammatory mediators IL-1β and TNFα has 
been investigated. Dendritic cells are a potential source of IL-1β and TNFα in the 
teeth, as they have been demonstrated to release these mediators in vitro in response 
to the TLR2 receptor activation by a bacterial cell wall component lipoteichoic acid 
(Keller et al., 2010). Moreover, odontoblasts themselves produce pro-inflammatory 
mediators, such as IL-6 and CXCL8 (Farges et al., 2011). Both bacterial products and 
host-derived inflammatory mediators could be tested in the future, using the calcium 
imaging-based assay described in this thesis, to see if they can modulate the activity 
of TG neurons, with a potential contribution to increased sensitivity in pulpal pain. 
These sensitisation experiments focused on TRPA1 and TRPV1, which recently have 
been confirmed to be functionally interdependent in humans (Nielsen et al., 2018). 
Multiple novel strategies have already been proposed for targeting both TRPA1 and 
TRPV1, with a potential therapeutic value in orofacial pain (Gualdani et al., 2015; 
Meng et al., 2016).  
Although, at this stage, the findings from the present study do not directly offer any 
viable therapeutic strategies, this thesis contributed to the knowledge of the 
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